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Abstract 
M. J. Serviss. Experimental Reintroduction of American Hart’s-Tongue Fern (Asplenium 
scolopendrium var. americanum): Factors Affecting Successful Establishment of Transplants, 
108 pages, 6 tables, 19 figures, 2017. Conservation Biology style guide used. 
 
 
 
This study analyzed biological and microclimatic factors affecting the post-reintroduction 
survival and growth of laboratory-propagated American hart’s-tongue ferns (Asplenium 
scolopendrium var. americanum, AHTF), a rare and threatened fern species with a fragmented 
distribution across the eastern United States and Canada. In total, 1,925 AHTF transplants, 
representing four life history stages (protonemata, gametophytes, sporelings, and immature 
sporophytes) were reintroduced into three sites determined to be ideal habitats within Onondaga 
County, New York. Factors that resulted in higher rates of survival included more rigorous 
acclimatization of transplants, better transplant vigor at the time of transplanting, and higher 
humidity at reintroduction sites. Analysis of wind speed and direction provided implications of 
low spore dispersal, and therefore low gene flow, between extant AHTF populations. Insights 
from this research contribute to a growing, yet still understudied, body of knowledge regarding 
fern species reintroductions and inform best practices for future AHTF reintroductions. 
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Chapter 1: Introduction 
 
Pteridophyte Conservation 
Concerns in the field of plant conservation are growing as an increasing number of plant 
species face the risk of extinction across the globe. Brummitt et al. (2015) estimate that, 
according to IUCN red list standards, more than one out of every five plant species are 
threatened with extinction and nearly one third of plant species are near-threatened. The authors 
further estimate that 16% of all pteridophyte and lycophyte species are threatened and 6% are 
near-threatened, meaning that 22% are of elevated concern to conservation. These proportions 
are concerning as surveys of the conservation status and management actions regarding 
pteridophytes and their allies are considered by some to be lacking (Blackmore & Walter 2007; 
Brummitt et al. 2016). Some research has also noted that there is limited literature with a focus 
on pteridophyte conservation compared with the volume of literature focused on the conservation 
of flowering plants (Given 1993) and that many urgent research needs regarding ferns and fern 
allies have yet to be addressed (Brummitt et al. 2016; Gasper et al. 2016). 
While there appears to be a general lack of research focused on pteridophyte diversity 
and conservation, several recent studies have ventured to address these concerns. Research with 
a global focus on pteridophyte conservation has identified hotspots of fern endemism and 
diversity and suggested priority conservation management actions (See Given 1993; Kreft et al. 
2010; Brummitt et al. 2016). An even larger volume of literature focuses on quantifying 
pteridophyte diversity on a more regional scale and often correlates this diversity with various 
environmental factors including climate, elevation, and habitat characteristics (See Young & 
2 
 
Leon 1989; Tuomisto & Poulsen 2000; Kessler 2001; Paciencia & Prado 2005; Kessler & 
Lehnert 2009). Studies focusing on the conservation of individual species of pteridophytes are 
relatively more abundant than global or regional scale studies, mainly due to the research 
requirements of recovery plans that tend to focus on single species conservation.  
Several threats contribute to the risk of extinction of pteridophyte species globally. The 
most pressing threats originate from sources related to human activity, including agriculture, 
climate change, invasive species, logging, urban development, and mining, among others. 
Additional threats include natural disasters and vulnerability of the intrinsic biology of some 
pteridophytes (Brummitt et al. 2016; Corlett 2016). To address these threats, the consensus in 
conservation is that in situ methods are often the most appropriate and desirable from a 
management perspective (Kaye 2017). This is mainly because, in contrast to ex situ methods, 
more biologic and genetic diversity can be conserved in situ. Additionally, some issues 
surrounding ex situ conservation can more readily be avoided, including inbreeding, 
hybridization, artificial selection, and lack of space to represent the complete diversity of a 
species. However, the Global Strategy for Plant Conservation has set desired targets for the ex 
situ conservation of plant species to help fill in the gaps when in situ conservation is ineffective 
or not feasible. These targets include the ex situ conservation of at least 75% of threatened plant 
species with 20% being available for recovery and restoration projects (Corlett 2016). 
 
Reintroduction 
 Reintroduction of threatened and endangered plants is a method of population and/or 
species recovery that is growing in popularity in the field of plant conservation. Reintroduction 
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refers to the physical placement of plants or plant materials from various sources into an area 
where they had once occurred historically, but are no longer found, for conservation purposes. 
The term reintroduction also refers to population augmentation, where plants or plant materials 
are added to an existing population. Reintroduction can also be used in the context of introducing 
plants to an area where there is no documented historical occurrence. Lastly, reintroduction can 
occur in the context of translocation, where plants or plant materials are removed from an in situ 
area and placed elsewhere. In each of these cases, reintroduction generally occurs within the 
species known geographic range for the purpose of ensuring the persistence of a species (Allen 
1994; Guerrant Jr. 2012). 
 The framework for integrated plant conservation (Figure 1.1) outlines the placement of 
reintroduction projects in the overall practice of plant conservation. Reintroduction acts as an 
intermediary between in situ and ex situ conservation methods. The crucial link between in situ 
and ex situ methodology helps to facilitate conservation goals and the persistence of rare, 
threatened and endangered plant species when in situ methods alone are not sufficient (Kaye 
2017). The link between ex situ and in situ conservation has strengthened over the past few 
decades. Practitioners of both methods have allied with the aim of producing more desirable 
conservation outcomes, including the restoration of some of the most endangered plant species in 
the world. In the United States, this alliance is perhaps best embodied by the Missouri Botanical 
Garden’s Center for Conservation and Sustainable Development (CCSD). The CCSD conducts 
research on experimental reintroduction of endangered plants with integration of critical 
reintroduction factors, including genetic, habitat, and microenvironmental considerations. The 
reintroduction programs at the CCSD are part of a growing connection between ex situ facilities 
such as botanical gardens and arboreta with in situ research projects. Botanical gardens and 
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arboreta have historically featured rare exotic plants but are increasingly becoming a critical part 
of integrated plant conservation and reintroduction. One example of the critical role that 
botanical gardens play in reintroduction projects is that of the fern Woodsia ilvensis in the United 
Kingdom. The Royal Botanic Garden of Edinburgh developed propagation protocol for W. 
ilvensis that produced over 2,500 sporophytes, many of which were used in a successful 
reintroduction project outlined in the next section of this manuscript. Research on how to best 
improve plant collections at ex situ facilities so that they are applicable to reintroduction projects 
is ongoing (See Pritchard et al. 2010; Oldfield & Newton 2012; Cavender et al. 2015). 
 
Figure 1.1. A general model of integrated plant conservation, including the role of reintroduction 
or augmentation as a bridge between in situ and ex situ conservation practices. Source: Kramer et 
al. 2011. 
  
 Reintroduction has been promoted as a means of recovering imperiled plant species by 
conservation organizations throughout the world. While this recovery strategy has gained in 
popularity over the past several decades, quantitating the effectiveness of plant reintroductions 
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has suffered from a lack of understanding of criteria that define success or failure (Godefroid et 
al. 2011; Maschinski & Haskins 2012). Allen (1994) reported that in a survey of 45 plant 
reintroductions in California, only four reintroductions were considered completely successful, 
where success was defined as the ability of a population to survive and reproduce. He also 
reported the results of a survey performed by the British Nature Conservancy Council in 1991 
that stated only 22% of 145 plant reintroductions were considered successful. Criteria for success 
or failure was not defined for the 1991 survey. In each of these cases, specific objectives and 
goals (plant growth rates, reproduction rates, population growth, timeframe to determine success, 
etc.) were not defined to provide context for the criteria to determine relative success. A lack of 
specific objectives and definitions of success are common issues with many plant reintroduction 
projects. 
Godefroid et al. (2011) first attempted to analyze the relative success of plant 
reintroductions to better understand the effectiveness of the practice and determine which 
approaches may lead to greater success in establishing viable plant populations. Their meta-
analysis of 249 plant reintroductions found that reintroduction success is often over-reported in 
literature and generally based on short-term data that may not be sufficient to predict long-term 
outcomes. Furthermore, they found that probability of success increased when working in 
protected areas, using larger/more developed transplants, using a diverse mix of source 
population material, increasing number of transplants, and managing the transplant site before 
and after reintroduction.  
Dalrymple et al. (2012) also conducted a meta-analysis of threatened plant 
reintroductions with the purpose of characterizing criteria important to understanding the relative 
success or failure of reintroductions. In a subgroup analysis of the use of single or multiple donor 
6 
 
populations for reintroduction they concluded that, in the case of reintroduction of juvenile 
plants, survival was higher when multiple donor populations were used. They went on to 
characterize the common causes of failure of plant reintroductions, which include drought 
shortly after transplanting, competition from invasive plant species, inherent biological 
vulnerability of the species, and reintroducing plants too early in their life stage. Areas that need 
improvement in plant reintroduction research were identified, including improved evaluation of 
extant populations, identification of threats to extant populations, more detailed monitoring of 
transplants, and more long-term monitoring of transplants after reintroduction. 
 
Pteridophyte Reintroduction Success Stories 
 Although there are very few examples of pteridophyte reintroduction in the literature, and 
even fewer that were performed in the context of an organized scientific experiment, some 
potential successes in this niche area of research have been identified. 
Case Studies from the Global Re-introduction Series 
The IUCN’s Reintroduction Specialist Group releases volumes of reports of 
reintroduction case studies with summaries for dozens of projects in each volume. A review of 
all five volumes of the Global Re-introduction Series, released between 2008 and 2016, 
contained a total of three pteridophyte reintroduction case studies. The authors of each case study 
were asked to classify the success of each project as highly successful, successful, partially 
successful, or failed. Reasons were also provided to support the determination of relative success 
or failure, however, there is often no statistical or scientific data to support these claims within 
the document itself. Therefore, an effort was made to locate any peer-reviewed articles published 
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in scientific journals that relate to each project. Brief summaries of those case studies and 
corresponding peer-reviewed literature are provided below. 
Marsilea quadrifolia 
 The reintroduction of M. quadrifolia (Marsileaceae), the only example of the 
reintroduction of an endangered aquatic pteridophyte, was conducted in the Po River plain in 
Italy between 2010 and 2012. Goals of the project included establishing viable populations in the 
reintroduction area and improving methods of ex situ propagation. The authors of the case study 
reported the reintroduction as a success, citing that transplant cover was at 50% of its starting 
level after one year (Orsenigo et al. 2016). They also report that, while some of the sites saw 
complete mortality of transplants after three years, many sub-populations were still persistent. 
No data that quantify the overall percent cover or survival of transplants after three years were 
reported. 
While a peer-reviewed article for the reintroduction of M. quadrifolia in the Po River 
plain could not be located, a peer-reviewed article for a previous reintroduction of M. quadrifolia 
in the Ebro Delta in Spain (Estrelles et al. 2001) was found. The authors of this article report that 
34% of juvenile transplants took root and developed. There was no indication of how much time 
had passed between transplanting and surveying to obtain this percentage. While reporting of 
conclusive data in each case is lacking, the end results are promising for the recovery of M. 
quadrifolia in some areas of Italy and Spain. 
Diellia pallida 
 Diellia pallida (Aspleniaceae) was listed as endangered by the USFWS in 1994. This 
fern, endemic to the island of Kaua’i, consists of only 13 mature individuals across three sites. 
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Reintroduction of transplants propagated in ex situ facilities began in 2007 with 30 individuals 
transplanted into each of seven experimental sites. Aguraiuja (2010) reports that survival was 
highest at two sites, providing critical habitat requirement information for transplants. The author 
further reports that survival rates and microhabitat conditions of the first transplanting have been 
analyzed and will aid in future reintroduction efforts, although no specific survival or 
microhabitat data was provided. The case study concludes that the reintroduction has been 
partially successful, citing that a better understanding of habitat requirements has been achieved 
and that a large scale, landscape level recovery of the species is now possible (Aguraiuja 2010). 
A peer-reviewed article related to this reintroduction project could not be located. 
Woodsia ilvensis 
  Perhaps the best currently documented pteridophyte reintroduction project is that of W. 
ilvensis (Woodsiaceae), an historically rare arctic-alpine fern that was reintroduced in both the 
United Kingdom and Estonia. In Estonia, W. ilvensis was designated as extirpated in 2005 as it 
was last observed in the wild in 1977. A small-scale project to test the possibility of 
reintroduction in Estonia began in 1996, with 32 sporophytes transplanted between 1996 and 
2001. Maintenance of the transplants after reintroduction was extremely limited. Despite limited 
maintenance, a total of 13 transplants were reported to have survived in 2011 (10 years after 
transplanting), showing that W. ilvensis has promising potential for recovery (Aguraiuja 2011). 
Woodsia ilvensis was only known to exist at 14 sites in England, Scotland, and Wales 
when a separate reintroduction was performed between 1999 and 2004 in the United Kingdom. 
A total of 299 sporophytes were transplanted across four sites, two each in England and 
Scotland, respectively. After six years of monitoring, percent survival was as high as 88% at one 
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site in England and 49% at one site in Scotland (McHaffie 2006). Mean number of fronds and 
mean length of longest fronds increased or remained relatively stable at most of the sites after six 
years. Furthermore, the proportion of surviving transplants producing spores was documented at 
68% to 91% after six years across the sites. The impressive survival, growth, and transplant 
spore production rates offer perhaps the best recorded success of a pteridophyte reintroduction 
project to date. 
 
Study Species 
Varietal Status and Morphology 
Asplenium scolopendrium var. americanum (Fern.) Kartesz & Gandhi (syn. Phyllitis 
scolopendrium var. americana; American hart's-tongue fern; AHTF; Aspleniaceae) is a rare 
North American evergreen fern. It was first distinguished from its European counterpart, 
Asplenium scolopendrium var. scolopendrium (European hart’s-tongue fern; EHTF), as a unique 
variety by Fernald (1935) who noted several significant morphological differences between the 
mature sporophytes. Britton (1953) provided further evidence of distinction between the varieties 
when he discovered that AHTF is tetraploid compared to the diploid var. scolopendrium, 
although, only two AHTF sporophytes from Ontario, Canada were analyzed in this report. Other 
reports of A. scolopendrium include var. lindenii (Hooker), native to Mexico and Hispaniola 
(Wagner et al. 1993), and a report from Japan (Sato 1982). However, the varietal status of reports 
of A. scolopendrium in Mexico, Hispaniola, and Japan has not yet been confirmed. 
 Sporophytes of AHTF consist of a cluster of simple, strap-like fronds with an auriculate 
or cordate base emanating from a short, stout rhizome covered in cinnamon-colored scales 
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(Figure 1.2) (Lellinger 1985). Fronds can grow up to 65 cm in length and 7.5 cm in width with a 
stipe that ranges from 3 to 20 cm in length with cinnamon-colored scales (DD Fernando, 
unpublished data). Linear sori are slightly diagonal in relation to the rachis along the abaxial 
surface of the blade and may span more than half way down the blade, originating from the acute 
distal tip of the frond. The appearance of the sori on the blade is thought to resemble the many 
legs of a centipede, as the specific epithet scolopendrium, of Greek origin for “centipede,” 
suggests. The sporophyte produces the bulk of its new fronds at the beginning of the growing 
season between early May and mid-June, although in New York, new frond development may 
continue into the autumn season (personal observation). 
 
Figure 1.2. An individual mature sporophyte of Asplenium scolopendrium var. americanum in 
September 2017 with fertile fronds developed during the current growing season (erect) and 
fertile fronds from the previous growing season (flattened). Photo: Michael Serviss. 
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AHTF is homosporous, giving rise to both unisexual and bisexual gametophytes. Spore 
dispersal for first season fronds generally starts in late August, although older mature fronds may 
release spores throughout the year (personal observation). Upon spore germination, early 
protonemal development follows the Vittaria-type and subsequent prothallial development is 
consistent with the Aspidium-type as outlined by Nayar and Kaur (1971) and confirmed by Testo 
and Watkins (2011). A single proximal rhizoid generally develops concurrently with the initial 
protonemal cell (Testo & Watkins 2011). The prothallial plate typically forms when protonemata 
are four to eight cells long (Nayar & Kaur 1971; Testo & Watkins 2011) and can begin forming 
within 14 days of sowing spores in soil under semi-in vitro conditions (Figure 1.3A) (personal 
observation). Gametophytes may begin to transition into the heart-shaped stage of development 
within 30 days (Figure 1.3B) and begin to form archegonia (Figure 1.3C) and antheridia (Figure 
1.3D) between 45 and 60 days after sowing (personal observation). Sporophyte production may 
begin to occur between 90 and 120 days (Figure 1.3E), although sporophytes may be produced 
several months or more after maturation of the gametophyte (personal observation). 
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Figure 1.3. The stages of early development of Asplenium scolopendrium var. americanum. A. 
Protonema at 14 days after sowing (400X). B. Early heart-shaped stage at 30 days after sowing 
(100X). C. Archegonia at 60 days after sowing (400X). D. Antheridia at 60 days after sowing 
(400X). E. Mature gametophyte with young sporeling at 120 days after sowing (10X). Photos: 
Michael Serviss. 
 
 
Ecology and Distribution 
 Unlike EHTF, which is widespread throughout Europe and very common in the United 
Kingdom and Ireland, distribution of AHTF in North America is limited to typically small, 
disjointed populations in the United States and Ontario, Canada. The most recent official review 
of the fern’s distribution in the United States by the U.S. Fish and Wildlife Service (USFWS) 
indicates that the fern has one extant population each in Alabama and Tennessee, eleven in 
Michigan and sixteen in New York (USFWS 2012). I personally confirmed the persistence of the 
last known extant population in Tennessee in March 2016, although no mature sporophytes were 
located during a survey of the population by myself and a botanist from the Tennessee 
Department of Environment and Conservation. Fifteen total plants were located during the 
survey, including 12 sporelings (fronds < 2.5 cm in length) and three immature sporophytes 
A 
E D 
C B 
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(fronds > 2.5 cm in length, no visible sori). The persistence of the last extant population in 
Alabama was also confirmed in March 2016 by USFWS biologist John Wiley (personal 
communication). There is great concern for AHTF populations in New York that consist of 
fewer than 25 total plants as of the last census in 2011-2012, including Evergreen Lake 1 (21), 
Glacier Lake (19), Perryville Falls (16), Munnsville 1 (10), and Rams Gulch (8). Historical 
census data indicates a trend of decreasing population size over time for most of these 
occurrences (Brumbelow 2014). The persistence of populations at Evergreen Lake 1, Evergreen 
Lake 2, and Ram’s Gulch were all confirmed in June 2017 by Drs. Leopold and Fernando of 
SUNY-ESF, Joshua Weber-Townsend of the Fernando lab at SUNY-ESF, and myself. 
 Some habitat features are consistent throughout the range of AHTF. Populations are 
always found in predominantly mesic deciduous forest types with high occurrence of dolomitic 
limestone outcroppings, contributing to elevated calcium and magnesium concentrations in the 
soils (Futyma 1980; Cinquemani Kuehn & Leopold 1993). Differences in AHTF habitat, 
however, tend to align regionally. In southern Tennessee and northern Alabama, the 
southernmost portion of AHTF’s range, the fern is associated with cool, shady cave entrances 
and limestone sinkholes (Short 1979; personal observation). In Michigan, AHTF is associated 
with steeply sloped boulder fields where the bedrock is exposed at the surface under hardwood 
canopies and is almost exclusively found growing from cracks in or from the bases of moss 
covered boulders (Futyma 1980). In Ontario, Canada, AHTF is closely associated with the rocky 
outcroppings of the Niagara escarpment, specifically on the talus, but also regularly occurs in 
more level rocky woodlands, cliff edges, and in the seams of rocky outcroppings (Soper 1954). 
In New York, AHTF typically occurs on the steep slopes of glacial ravines and plunge basins 
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along a portion of the Niagara escarpment in Onondaga and Madison counties (Cinquemani 
Kuehn & Leopold 1993). 
 AHTF habitat associations have been particularly well studied in New York. Cinquemani 
Kuehn and Leopold (1993) report that the steep talus of glacial ravines and plunge basins on 
which AHTF almost exclusively grows are typically north to northeast in aspect with a mean 
slope of about 60º. Mature sporophytes can be found just outside the top of the talus slopes and 
into the basin bottoms in some cases, although most individuals occur at mid-slope positions 
(Figure 1.4). Soil pH is circumneutral and mean organic matter is around 55%. Sporelings are 
positively correlated with higher light intensity and moss cover. These correlations suggest that 
AHTF sporelings and mosses may be responding independently to favorable high moisture 
conditions rather than mosses facilitating sporeling survival and growth. Mature sporophytes 
have no significant correlation with light intensity and are negatively associated with moss cover. 
It is thought that rock crevices, either bare or humus filled, provide the preferred microsite 
conditions for AHTF sporophytes as over 80% of all mature sporophytes sampled occurred 
within such crevices (Cinquemani Kuehn & Leopold 1993). 
 
 
Figure 1.4. A portion of one population of Asplenium scolopendrium var. americanum growing 
on a talus slope in September 2017 at Clark Reservation State Park, Jamesville, NY. Photo: 
Michael Serviss. 
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 Climatic and other environmental sensitivities have been reported as potentially limiting 
factors to AHTF population vigor and growth. It has long been observed that the plunge basins in 
which AHTF occur in central New York are cooler in temperature than the surrounding areas 
(Maxon 1900; Faust 1960; Brumbelow 2014). Early observations of temperature and humidity 
along the slope of a plunge basin in central New York, where AHTF was noted as present, 
reported that temperature dropped and humidity increased from the rim of the basin to the basin 
bottom (Petry 1918). Petry also reported that AHTF was found at only one of four sampling 
areas, approximately 50 feet down from the rim of the basin. More recent analyses into the 
relationship between AHTF distribution and vigor in central New York have further detailed the 
climatic sensitivity of the species. Kelsall et al. (2004) reported that there are positive 
correlations between mature AHTF vigor with spring precipitation and cold days, respectively. 
The authors also report negative correlations with very wet and very dry months. The negative 
correlation between AHTF vigor and very dry months helps to support the assertion that AHTF 
is intolerant to drought as has long been suspected (Cinquemani et al. 1988). Brumbelow (2014) 
found that annual mean temperature was positively correlated with the presence of mature AHTF 
and that annual mean daily minimum temperature was positively correlated with the presence of 
all AHTF sporophyte life stages (sporeling, immature, and mature). He concluded that some 
microclimate factors are a limiting factor for AHTF distribution, in part. The findings of 
Brumbelow (2014) help to explain why AHTF sporophytes are extremely rarely distributed 
outside of glacial ravines and plunge basins in central New York (personal observation). 
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Legal Status 
 At the federal level, AHTF has been listed as threatened by the USFWS since 1989 under 
the Endangered Species Act of 1973. The goal of the original 1993 recovery plan for AHTF is to 
recover the species sufficiently enough to delist the species from the Endangered Species Act of 
1973 (USFWS 1993). The main criterion for delisting the species is the protection of at least 
fifteen self-sustaining populations in the United States. These fifteen populations include two 
each in Alabama and Tennessee, four in Michigan, and seven in New York. While the recovery 
plan is unclear as to what constitutes a self-sustaining population or to what level the populations 
should be protected, many recovery actions are outlined to achieve this goal. These actions 
include protecting the populations (presumably by protecting the habitat), regular census of 
populations, conducting biological studies to fill knowledge gaps about AHTF genetics and 
reproductive biology, implementing management set forth by the plan, and reestablishing 
populations. In New York State, the New York Natural Heritage Program ranks AHTF as S2, 
meaning that it is imperiled due to rarity as demonstrated by a limited number of populations (6-
20) or vulnerable to extirpation due to biological or anthropogenic factors. 
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Goals and Objectives 
The main goal of this research is to examine the possibility of successful reintroduction 
of AHTF in accordance with the recovery plan for the species. Reintroduction may be an 
important recovery method of AHTF because, throughout the range of AHTF, many populations 
suffer from very small population sizes that are susceptible to local extinction due to stochastic 
events (Cinquemani et al. 1988). Most populations of AHTF are severely isolated and exhibit 
depauperate genetic diversity that may contribute to inbreeding depression (Fernando et al. 2015; 
Weber-Townsend 2017). These populations may benefit from augmentation with a mix of 
genetically diverse transplants (Fernando et al. 2015). Numerous AHTF populations face the 
threat of competition from invasive plant species which may render their critical habitat 
unsuitable (Brumbelow 2014). In this case, reintroduction of ex situ propagated individuals into 
more suitable habitat may be the best option to ensure that the number of self-sustaining 
populations does not fall below critical recovery levels cited in the recovery plan for the species. 
 Several objectives are investigated herein to achieve these overall goals: 
1. Identify at least three suitable reintroduction sites with habitat characteristics that are 
associated with AHTF occurrences following Cinquemani Kuehn and Leopold (1993). 
2. Transplant at least 500 laboratory-propagated AHTF of five transplant-types at each 
reintroduction site. 
3. Determine the effect of transplant-type, vigor, and acclimatization method on the survival 
and growth of transplants within reintroduction sites. 
4. Characterize the microclimate conditions at reintroduction sites, including temperature, 
relative humidity, solar radiation, and wind speed and direction. 
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Study Area 
 The three selected reintroduction sites are within Onondaga County in the State of New 
York (Figure 1.5). Two of the reintroduction sites are within Clark Reservation State Park in 
Jamesville, NY and one is within the New York State Department of Environmental 
Conservation (NYS-DEC) Split Rock Unique Area in the Town of Onondaga, NY. The 
disclosure of the exact location of each AHTF reintroduction site is prohibited due to the 
protections provided by the legal status of the species at the New York State and federal levels. 
 Clark Reservation State Park is managed by the New York State Office of Parks, 
Recreation and Historic Preservation (OPRHP) in Jamesville, Onondaga County. The 153 ha 
park offers great potential for reintroduction, introduction, and augmentation as it allows for the 
best possibility of the facilitation of gene flow between AHTF populations due to the density of 
the six extant populations within the park. Two sites within Clark Reservation State Park 
(Sentinel Basin and Twin Basins) were chosen for the transplanting of laboratory propagated 
AHTF. 
Sentinel Basin 
 Located along the southeastern boundary of Clark Reservation State Park, the Sentinel 
Basin reintroduction site hosts one of the largest historical populations of AHTF throughout its 
U.S. range (Cinquemani Kuehn & Leopold 1992; Brumbelow 2014). Habitat characteristics of 
the site are typical of that of AHTF in New York, consisting of a north to northeast facing slope 
along a glacial plunge basin with a mostly hardwood canopy. The genetic significance of the 
extant population was a key factor in the selection of this site. This population represents the 
most genetically diverse of eight populations sampled in central New York by Fernando et al. 
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(2015) and of 18 populations sampled range-wide by Weber-Townsend (2017). Sentinel Basin 
also represents the second largest population in New York by mature individuals (779) and total 
individuals (1191) (Brumbelow 2014). Another significant factor in the selection of this site was 
the abundance of available transplants produced through spore culture of individuals sourced 
from Sentinel Basin.  
Twin Basins 
 The Twin Basins reintroduction site is located just to the northeast of Glacier Lake at 
Clark Reservation State Park. No known AHTF occurrence has been recorded at this site 
throughout the long history of surveys for AHTF within the park. This site consists of two glacial 
plunge basins separated by a raised natural barrier that runs roughly north to south. The steep 
north facing slope of the western basin was chosen as an ideal transplant site due to its similarity 
to typical AHTF habitat and its central location among AHTF populations within the park. The 
site is located approximately 320 m from the nearest AHTF population at Lower Basin and is 
within 800 m of the Sentinel Basin population, the farthest population within the state park. All 
four additional AHTF populations within the park are within 500 m of this site, including 
populations at Long Ravine, Grand Canyon, Pulpit Rock, and Glacier Lake. 
Split Rock Unique Area 
 The NYS-DEC Split Rock Unique Area is located in the Town of Onondaga, Onondaga 
County. The rich and varied history of the site, along with availability of suitable habitat, were 
significant factors in the selection for augmentation of its extant population. AHTF was first 
discovered in North America by Frederick Pursh on July 20, 1807 at this location. It was thought 
that the population at this site was extirpated after a clearing of the forest in the area for a 
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limestone quarry until it was rediscovered by the Syracuse Botanical Club on September 30, 
1879 (Rust 1879). Faust (1960) recounts that, since its rediscovery, trees had been cut in the area, 
quarrying operations had damaged or destroyed many of the rocks that shelter the population, 
and a massive explosion from a WWI munitions operation occurred nearby. Today, large 
portions of the 13 ha unique area remain intact, although, evidence of past industrial activity and 
dumping can be observed in areas close to the AHTF population. Furthermore, a vast covering of 
invasive species, including Lonicera spp., Alliaria petiolata and Cynanchum rossicum threaten 
large areas of the site and are currently unmanaged. 
 
Figure 1.5. General locations of the three selected AHTF reintroduction sites. Sites at Twin 
Basins and Sentinel Basin were selected at Clark Reservation State Park (bottom inset) and one 
site was selected at Split Rock Unique Area (top inset). 
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Chapter 2: Experimental Reintroduction of Asplenium scolopendrium var. americanum: 
Factors Affecting Survival and Growth 
 
Introduction 
History of Translocation and Reintroduction of AHTF in New York 
 The documented history of translocation and reintroduction of the American hart’s-
tongue fern (AHTF) extends as far back as the year 1900, when Dr. Homer House translocated 
AHTF from Chittenango Falls to a ravine near Munnsville, NY (Hunter 1924; Faust 1960). 
These transplants persisted until at least 1920, but could not be relocated in a survey in 1946 
(Faust 1960). In the mid-1920’s, about 700 AHTF were translocated into Clark Reservation State 
Park after being rescued from quarry operations around the area of White Lake and Green Pond 
(“Scolopendrium Pond” to some) that has since been quarried (House et al. 1926; Faust 1960). 
Unfortunately, many transplants were washed out by heavy rains shortly after translocation 
(Faust 1960) and details on the survival of the AHTF transplants could not be found.  
 Ralph Benedict, of the Brooklyn Botanic Garden, started propagating AHTF shortly after 
the loss of the populations of AHTF due to the quarry operations around White Lake and Green 
Pond (Benedict 1927). He distributed many immature plants across the continental United States 
with the intent of naturalizing AHTF over a broader geographic range. In 1929 he reported that, 
of the few updates he received, most of the introduced AHTF did not survive longer than one 
winter season (Benedict 1929). However, one batch was reported as surviving in a home garden 
in Merion, PA. No other updates on the fate of these transplants could be located. 
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 No further documented attempts at translocation or reintroduction of AHTF were noted 
again until 1992, when researchers at SUNY-ESF in Syracuse, NY planned to augment 
populations of AHTF at Clark Reservation State Park and Split Rock Unique Area. According to 
the research proposal, 50-100 sporelings were propagated at an off-site facility and were 
transplanted in May 1993 (Moore & Leopold 1992). Shortly after transplanting at Split Rock 
Unique Area, a passer-by removed flagging critical to locating and tracking the augmentation 
site, causing the project to ultimately be abandoned as the transplants could not be relocated (DJ 
Leopold, personal communication). The unfortunate conclusion to this project left researchers 
interested in the feasibility of reintroduction of AHTF with little more than anecdotal 
information regarding the survival and growth of transplants over the past one hundred years.  
General Reintroduction Considerations 
Reintroduction of rare and threatened plants has become a common and increasingly 
well-studied method of conserving plant diversity and recovering imperiled species. The decision 
to execute a plant reintroduction project, however, requires justification and careful planning. In 
the case of AHTF, reintroduction is a recovery objective of the species management plan 
(USFWS 1993) and recommended as a means of recovery of AHTF in the most recent review of 
the status of the overall project (USFWS 2012). Despite a great deal of work to recover the 
species, including in situ conservation, microclimate analysis of habitat, periodic censuses, ex 
situ propagation, and genetic analyses, reintroduction of AHTF has yet to be definitively 
addressed. A major factor in the decision to reintroduce AHTF is that populations are isolated 
across its rather fragmented range and often exhibit dramatic fluctuations in population size that 
have historically reduced individual populations by as much as 93% in New York (Cinquemani 
et al. 1988). AHTF populations are typically lacking in genetic diversity throughout the species’ 
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range and there is evidence of very low gene flow, if any, between populations (Fernando et al. 
2015; Weber-Townsend 2017). Therefore, reintroduction of AHTF in strategic geographic areas 
with proximity to one or more extant populations may be used to promote genetic connectivity. 
If placed very close to an extant population, reintroduction may not only promote genetic 
diversity, but also augment small population sizes and potentially buffer against dramatic 
decreases in population size. Finally, reintroduction of AHTF can, theoretically, serve to 
establish new populations where in situ conservation of extant populations is not practical. Some 
current populations are heavily impacted by the spread of unmanaged invasive plant species and 
may be impacted by their proximity to developed lands (Brumbelow 2014). Protection of these 
populations with in situ conservation methods may not be practical or effective. 
Site selection is among the critical considerations in the reintroduction of many rare and 
threatened plant species (Fiedler & Laven 1996; Guerrant Jr. & Kaye 2007; Kaye 2008; Guerrant 
Jr. 2012). Maschinski et al. (2012) states that habitat requirements for rare plant species are not 
likely to be common, and therefore selection of suitable microhabitat with appropriate niche 
characteristics is recommended. Reintroduction with the consideration of different, but 
appropriate, niche habitats was explored in the reintroduction of the locally extinct fern Woodsia 
ilvensis in Estonia (Aguraiuja 2011). While only 40 transplants of W. ilvensis were deployed in 
this study, it was found that reintroduction of the species was successful on stone walls and not 
on boulders. In a separate reintroduction of W. ilvensis in the United Kingdom (UK), sites where 
the fern was historically documented but had since been thought extirpated were targeted 
because soil samples from the site contained W. ilvensis spores and subsequently promoted spore 
germination (McHaffie 2006). The historical occurrence of W. ilvensis, coupled with evidence of 
appropriate soils for the reproductive needs of the species at the UK sites, indicated that the 
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habitat at the sites was likely to support W. ilvensis transplants. Larger-scale considerations 
regarding site selection are equally important as niche or microsite scale considerations. The use 
of reintroduction sites within protected areas, for example, is likely to increase successful 
establishment of transplants (Godefroid et al. 2011). Species distribution modeling has also 
predicted that large-scale loss of critical habitat attributed to climate change, inclusive of 
potential reintroduction sites, could lead to the extinction of over half of the threatened and 
endangered plant species on the Colorado Plateau (Krause & Pennington 2012). The potential 
effects of climate change on the distribution of a species further highlights the need to carefully 
identify and select reintroduction sites based on the ecological requirements of the target species, 
especially for climatically sensitive species such as AHTF. 
  Genetic, source population, and demographic considerations are also of great importance 
to the planning of a plant reintroduction. Reintroduction should aim to maintain or increase 
genetic diversity, and therefore evolutionary potential, within a species as well as promote gene 
flow between populations (Weeks et al. 2011). Ideally, transplants should exhibit similar ecotype 
characteristics and similar or higher levels of genetic diversity as the source populations (Kaye 
2008; Menges 2008). Analysis of genetic diversity of a species can aid in the determination of 
which source populations to include in a reintroduction and are often more informative than 
selecting source populations based on population size alone (Gravuer et al. 2005). The 
geographic distance of the source populations in relation to the reintroduction sites are also 
important considerations because the negative effects of outbreeding depression are of concern 
when non-locally adapted genotypes are used in reintroduction or augmentation projects 
(Hufford & Manzer 2003; McKay et al. 2005). Generally, the selection of source populations 
closer to reintroduction sites is desirable in reducing the risk of transplanting genotypes that are 
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not well-adapted to the reintroduction site (McKay et al. 2005). These issues can likely be 
avoided by using a mix of plant material from many source populations of locally adapted 
genotypes (McKay et al. 2005). Using a mix of transplants from different source populations has 
also shown to greatly increase the probability of success of plant reintroductions, especially 
when those populations are stable or increasing in population size (Godefroid et al. 2011). 
Recent genetic analyses of eight populations of AHTF in New York report that they are 
differentiated enough to be considered distinct populations (Fernando et al. 2015; Weber-
Townsend 2017). However, there is little evidence that non-locally adapted genotypes exist due 
to the similarity of the habitat between populations; which occur exclusively on the steep talus of 
glacial ravines and plunge basins in New York. Furthermore, it is suggested that AHTF 
transplants produced by spore culture from nearby populations with higher levels of genetic 
diversity be used in reintroduction projects to improve fitness and reproductive success of 
transplants (Fernando et al. 2015). 
 The decision to use certain life stages of transplants in plant reintroduction is another 
critical factor in achieving success. However, few plant reintroductions have examined life 
history stage as a variable since 78% of projects were determined to have used a single life stage 
in a recent characterization of reintroductions (Guerrant Jr. 2012). Several studies have suggested 
that the use of more advanced life stages leads to higher survival success in plant reintroductions 
(Drayton & Primack 2000; Jusaitis et al. 2004; Maschinski & Duquesnel 2007; Godefroid et al. 
2011; Albrecht & Maschinski 2012; Dalrymple et al. 2012). Using more advanced life stages is 
beneficial to the goal of successfully establishing transplants and achieving quicker recruitment 
of new generations for species that take many years to reach reproductive maturity. In the case of 
fern reintroductions, the use of life stages preceding that of sporophytes is not well known and 
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little evidence exists that gametophyte, protonema, and spore life stages have been utilized in any 
fern reintroductions. However, the use of gametophytes as transplant material has been suggested 
as an area of interest in at least one previous fern reintroduction project (Aguraiuja 2011). In 
2015, a pilot study for the AHTF reintroduction project assessed the possibility of using AHTF 
spores as transplant material with unsuccessful results (Fernando & Serviss, unpublished results). 
While using more advanced life stages may lead to greater success, there is also increased cost 
and difficulty associated with years of propagation and maintenance, particularly for rare and 
threatened plants. If less advanced transplants can be successfully established, significant 
amounts of time, money, and resources can be saved and diverted to other important 
conservation tasks related to species recovery. 
 Acclimatization is defined as the habituation of a plant’s physiological response to 
environmental conditions (Begon et al. 1990) and constitutes another critical, yet understudied, 
factor in plant reintroduction. While there are many studies that analyzed methods of 
acclimatization of in vitro micropropagated plants of economic importance to controlled lab or 
greenhouse conditions (see Preece & Sutter 1991; Pospóšilová et al. 1999; Dewir et al. 2015), 
there is very little research that focused on acclimatization of plants grown in controlled 
laboratory or greenhouse conditions to less forgiving environmental conditions prior to 
reintroduction (see Brito et al. 2009; Yong et al. 2015). Plants propagated in vitro tend to have 
issues with stomatal functionality (Preece & West 2006; Khan et al. 2009) and thinner cuticles 
(Wetzstein & Sommer 1982; Brutti et al. 2002) compared to greenhouse and field acclimatized 
plants. The anatomical differences between greenhouse acclimatized plants and field 
acclimatized plants make it potentially more difficult to adapt to environmental conditions at the 
reintroduction site. In AHTF, excessive waviness of the margins, thinness, and a dull light green 
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to gray color of the fronds of plants propagated in a controlled lab environment might be 
indicative of insufficient cuticle and palisade tissue formation that could negatively impact 
survival post-reintroduction (DD Fernando, personal communication). The acclimatization of 
transplants of AHTF to more natural environmental conditions is an area of research that 
warrants investigation. 
 
Objectives 
  The first objective of this chapter is to identify at least three reintroduction sites with 
habitat characteristics that are associated with AHTF occurrences following Cinquemani Kuehn 
and Leopold (1993). Reintroduction sites should be located as such to promote genetic 
connectivity between extant AHTF populations and/or promote increased genetic diversity 
within an extant population via augmentation according to recommendations for the species 
(Fernando et al. 2015). Additionally, reintroduction sites should exist within the boundaries of 
protected areas where land use management promotes the protection of each site, including 
associated habitat characteristics. The historical importance of the site, as it relates to AHTF, 
should also be considered. The second objective is to transplant at least 500 laboratory-
propagated AHTF of various life stages at each reintroduction site. The third objective is to 
determine the effects of life stage, vigor at time of transplanting, and acclimatization method on 
the survival and growth of transplants. 
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Hypotheses 
1. More advanced life stages will exhibit significantly higher percent survival and growth 
than less advanced life stages. 
2. Transplants treated with both indoor and outdoor acclimatization methods will exhibit 
significantly higher percent survival than those treated with only indoor acclimatization 
methods. 
3. Transplants with better vigor at the time of transplanting will be significantly more likely 
to survive longer than those with less vigor. 
4. Transplants of larger size, as measured by number of fronds and frond length, will be 
significantly more likely to survive longer than smaller transplants. 
 
Methods 
Propagation 
 All AHTF transplants were propagated through spore culture (Fernando, unpublished 
protocol). AHTF spores were collected, with permits, from six different extant populations 
between Madison and Onondaga counties, NY, including four populations at Clark Reservation 
State Park (Jamesville, NY), one at Chittenango Falls State Park (Cazenovia, NY), and one at 
Split Rock Unique Area (Onondaga, NY). Spores were germinated in Petri dishes half filled with 
autoclaved potting soil and exposed to a continuous light regime under fluorescent growing 
lights at approximately 23-25 °C. They were given one to two mL of distilled water per week 
applied with a pipette at the edges of the dish so as not to submerge the germinating spores in the 
soil. Upon maturation of gametophytes, the light regime was changed to 16 hours of light and 
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eight hours of dark per day. The Petri dishes were then flooded with distilled water to facilitate 
the fertilization of eggs and discourage intragametophytic selfing. The cover of each Petri dish 
was removed after sporelings were approximately one cm tall. The dishes were placed into larger 
growth chambers and distilled water was applied as needed to keep the soil moist. Within one to 
two months after sporeling production, sporelings were transplanted individually into small pots 
and allowed to develop into immature sporophytes in a growth chamber. Protonema, 
gametophyte, and sporeling life stages were propagated in the same manner as immature 
sporophyte life stages, although the timing of their propagation was such that they were 
transplanted at 20 days (protonemata), 90 days (gametophytes), and 6 to 12 months (sporelings) 
after sowing spores, respectively. 
Acclimatization 
 123 potted immature sporophytes were placed in a cold room during the winter months 
(December to March) set to 4 °C and they were subjected to a light regime of six hours of light 
and eighteen hours of dark to simulate outdoor environmental conditions. All immature 
sporophytes were exposed to these conditions for one to two winter seasons prior to field 
transplanting. The 123 immature sporophytes treated with only indoor acclimatization were 
labeled as IA sporophytes. 102 immature sporophytes that received indoor acclimatization for 
one winter season similar to the above conditions were placed in the ground, still in pots, at a 
plot near the reintroduction sites at Clark Reservation State Park in April 2014. The plants were 
watered on an as needed basis during the growing season. The plants were grown under these 
conditions until they were transplanted into their respective reintroduction sites in July 2015. The 
102 immature sporophytes treated with both indoor and outdoor acclimatization were labeled as 
IOA sporophytes. The purpose of exposing IOA sporophytes to the natural outdoor conditions 
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was to test the effect of more rigorous acclimatization on survival and growth. Conditions at the 
outdoor acclimatization plot were more similar to conditions within the natural habitat of AHTF 
than lab or greenhouse conditions can simulate. Therefore, physiological characteristics of IOA 
sporophytes after acclimatization, such as frond and cuticle thickness, were likely to be better 
adapted to the reintroduction sites upon transplanting than less rigorously acclimatized 
transplants.  
Reintroduction Site Selection 
 Reintroduction sites were identified with the assistance of an Element Distribution Model 
(EDM) of suitable AHTF habitat in New York State (New York Natural Heritage Program 
2012). Potential reintroduction sites outside of protected areas were identified by the EDM, but 
were not considered for the purposes of this project. The historic importance of the site and the 
likelihood of augmenting AHTF genetic diversity within a site and/or facilitating gene flow 
between extant populations were all considered in site selections. Candidate reintroduction sites 
within protected areas were visited in Spring 2015 to verify the quality and similarity of the sites 
to known AHTF habitat characteristics following Cinquemani Kuehn and Leopold (1993). 
Ultimately, three reintroduction sites were selected and include two sites at Clark Reservation 
State Park in Jamesville, NY and one site at Split Rock Unique Area in Onondaga, NY. 
Descriptions of these sites were outlined in the first chapter of this thesis. 
Transplanting 
 Transplanting of AHTF into the reintroduction sites occurred from July 10-14, 2015. 
Suitable transplanting microsites were identified at each site by observation of several criteria 
including ground surface stability, soil depths (> 5 cm), presence of limestone cobble with at 
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least some moss cover, non-excessive leaf litter, and non-excessive crowding from native 
vegetation. Nine plots were chosen at each of the three sites based on availability of suitable 
microsites. The plots were irregular in size and shape in accordance with the highly variable 
terrain within each site and were used mainly as an organizational tool to help rediscover 
transplants during monitoring and data collection. Removal of invasive plant species was 
performed throughout each reintroduction site prior to transplanting.  
Transplants represent five transplant-type categories based on life stage and, for 
immature sporophytes, acclimatization method: protonema (~20 days old), gametophytes (~90 
days old, predominantly exhibiting the heart-shaped stage of development and at or nearing 
maturity), sporelings (sporophytes between 6 and 12 months old), immature sporophytes with 
indoor acclimatization only (sporophytes between 2 and 4 years old, IA sporophytes), and 
immature sporophytes with both indoor and outdoor acclimatization (sporophytes between 3 and 
5 years old, IOA sporophytes). An effort was made to distribute each transplant-type evenly 
between plots, although a record keeping error influenced an uneven distribution of IOA 
sporophytes between reintroduction sites and plots. An effort was also made to equally distribute 
transplants of varying sizes and vigor ratings across all plots. 
 Protonemata growing on top of soil in Petri dishes were transplanted by scooping the soil 
out using a spatula and gently placing the soil with protonemata into a small hole in the ground 
that was prepared beforehand. The edges of each clump of soil were patted down to stabilize the 
soil as much as possible without disturbing the protonemata. Gametophytes were transplanted in 
a similar manner to protonemata, making effort to not disturb the attachment of the 
gametophyte’s rhizoids to their soil substrate. Gametophytes were transplanted as clumps, which 
consisted of three to five gametophytes growing close together, to promote potential fertilization 
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and sporeling production. As few as one clump to as many as 36 clumps were transplanted into 
each microsite. Sporelings, IA, and IOA sporophytes were removed from their pots with as much 
potting soil as possible, the roots were slightly loosened in the potting soil and then the 
transplants, along with potting soil, were placed into holes in the ground dug just prior to 
transplanting. A small plastic plant marker with a unique identification number was placed next 
to each transplant. The plastic plant markers were later replaced with an engraved metal tag 
affixed to a 30 cm tall PVC pipe for all remaining surviving plants in August 2017.  
 Post-transplanting treatment of plots included watering on an as-needed basis for no 
longer than two weeks after the transplant date. Watering was applied via backpack sprayers to 
all transplants at each site. Re-growth or establishment of any additional invasive plants was 
managed by removing the invasive plants in June of each growing season post-transplanting. No 
additional post-transplanting treatments were performed. 
Monitoring and Data Collection 
 One day prior to transplanting, the number of fronds and length of each frond (from base 
of the stipe to tip of the blade) were measured and recorded for each transplant. A vigor rating 
was also recorded for each transplant on a scale of one to five, with one representing very poor 
vigor and five representing excellent vigor. Vigor rating was based largely on the appearance and 
color of the fronds with minimal consideration of the number and size of the fronds as 
transplants of all sizes varied in vigor (Table 2.1). A census of all transplants at each site was 
conducted every October and July post-transplanting for a total of four censuses between 
October 2015 and July 2017.  Survival and growth of protonemata were monitored by observing 
the presence or absence of their growth into more advanced stages of gametophytic development 
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that can be seen without the aid of a microscope or magnifying lens. Survival, number of fronds, 
frond lengths, and vigor rating were recorded during each census. A transplant was considered 
living upon observation of any area(s) of green tissue on any remaining frond(s). A transplant 
was considered dead if an absence of any area(s) of green tissue on any remaining frond(s) was 
observed, or, if no remaining plant tissue of any kind was observed. If a transplant could not be 
rediscovered, it was noted as such after a fifteen minute search of each plot for “missing” 
transplants. If a “missing” transplant was rediscovered in a subsequent census and observed to be 
living, it was updated as living for each previous census during which it was “missing”. If a 
transplant was never rediscovered, it was subsequently removed from all statistical analyses.  
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Table 2.1. Vigor ratings and respective descriptions for AHTF transplants used in experimental 
reintroductions. 
Vigor rating Description based on frond appearance 
Very poor -most fronds shriveled, excessively wavy at margins 
-necrosis present on many fronds 
-dull grey to very dull green in color 
-fronds mostly flattened to substrate surface 
Poor -many fronds shriveled, excessively wavy at margins 
-necrosis present on some fronds 
-very dull green in color 
-some fronds flattened to substrate surface 
Average -a few fronds shriveled, excessively wavy at margins 
-no necrosis present 
-light green in color 
-most fronds upright 
Good -no fronds shriveled or excessively wavy at margins 
-no necrosis present 
-darker green in color, but lack waxy appearance 
-all fronds upright 
Excellent -no fronds shriveled or excessively wavy at margins 
-no necrosis present 
-darker green in color with waxy appearance 
-all fronds upright 
 
Statistical Analyses 
 Raw percent survival at each reintroduction site was calculated by dividing the number of 
confirmed surviving transplants by the number of rediscovered identification tags at each site; as 
all transplants and/or identification tags could not be rediscovered (see Appendix A). Transplants 
and/or identification tags that could not be rediscovered were eliminated from the calculation of 
raw percent survival since the survival or death of these transplants could not be confirmed. The 
protonemata transplant-type was not included in any calculation of percent survival because it 
was too difficult to determine if they survived in a microscopic filamentous stage without 
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disturbing their attachment to the soil and therefore increasing their risk of mortality. However, 
an attempt was made to quantify the survival of protonemata as determined by observation of 
presence or absence of their growth into more advanced stages of gametophytic development 
that can be seen without the aid of a microscope or magnifying lens (Table 2.2). 
One-way analysis of variance (ANOVA) comparing mean percent survival of each 
transplant-type (except protonema) was performed after each census period using Minitab® 
Statistical Software (version 17.1.0). Post hoc tests with Tukey’s honest significant difference 
(Tukey’s HSD) were performed to further identify the significance of transplant-type on the 
mean survival of transplants. Mean percent survival of each transplant-type was calculated as the 
summation of raw percent survival at each reintroduction site divided by the total number of 
reintroduction sites. 
 Growth of transplants over time was characterized by measures around the central 
tendency of transplants, including the mean and standard error of the number of fronds and total 
frond length, for each frond-bearing transplant-type. Mean total frond length was calculated as 
the summation of the total frond length per transplant divided by the number of transplants. 
Frond-bearing transplant-types that were living as of July 2017 were the only transplants 
included in the calculation of mean number of fronds and mean total frond length for any time 
period. 
A proportional odds model (POM) ordinal logistic regression analysis (McCullagh 1980) 
(inclusive of only frond-bearing transplant-types) was performed to identify significant 
predictors of longer-term survival of transplants using Minitab Statistical Software. The POM of 
ordinal logistic regression is a useful analysis when considering a response variable with ordered 
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categorical outcomes (Brant 1990). In this analysis, the ordinal response variable is survival over 
time, which was categorized in a succession over time from less desirable to more desirable 
durations of survival: 1) Survived less than 4 months; 2) Survived up to 4 months; 3) Survived 
up to 12 months; 4) Survived up to 16 months; 5) Survived up to 24 months. The model was 
optimized by starting with a broad model of potentially significant predictors followed by the 
elimination of insignificant predictors until all insignificant predictors were removed. The model 
was further optimized using a stepwise model fitting test to confirm the inclusion of all 
significant predictors in the model. Transplants and/or identification tags that could not be 
rediscovered at any census were eliminated from the model as it could not be determined with 
certainty if or how long they survived. 
 
Results 
Effects of Life Stage on Survival and Growth 
 A total of 1,925 AHTF, representing five different transplant-types, were transplanted 
into three reintroduction sites within Onondaga County, New York and censused for survival 
over a 24-month period (Table 2.2). No growth of protonemata into the gametophyte life stage 
was observed during the 24-month monitoring period. The gametophyte transplant-type 
represented 68% of the total number of initial transplants across all sites. Gametophyte mortality 
(96%) was extremely high in the first four months following transplanting. Gametophyte 
mortality was 100% at two sites, Sentinel Basin and Split Rock, after 12 and 16 months, 
respectively. At Twin Basins, a total of 7 clumps of gametophytes survived at a single microsite 
and have produced up to 26 sporelings after 24 months (Figure 2.1). Sporelings suffered a 62% 
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reduction in individuals after 4 months and represented the second highest rate of mortality 
among life stages after 24 months (97%). The rate of mortality of IA sporophytes was mostly 
consistent with that of sporelings, being reduced by 63% after 4 months and 93% after 24 
months. IOA sporophytes consistently had the lowest rate of mortality among all transplant-
types. IOA sporophytes were reduced by 40% after 4 months and 77% after 24 months, which is 
17% lower than the next lowest rate of mortality (IA sporophytes) after 24 months. 
 After 24 months, the Twin Basins reintroduction site exhibited the highest raw percent 
survival for every transplant-type with exception of sporelings; which was lowest at Twin Basins 
(1.25%) (Figure 2.2). The Sentinel Basin and Split Rock reintroduction sites exhibited sporeling 
survival rates of 3.95% and 3.90%, respectively. At each reintroduction site, IOA sporophytes 
exhibited the highest raw percent survival compared to all other life stages (Sentinel Basin, 
30.77%; Split Rock, 13.73%; Twin Basins, 37.03%). IA sporophyte raw percent survival ranged 
from 2.78% (Sentinel Basin) to 10.81% (Twin Basins). Gametophytes exhibited 0.00% survival 
at Sentinel Basin and Split Rock, respectively, and 2.24% survival at Twin Basins. 
At each census period, every transplant-type exhibited a higher mean percent survival 
than the transplant-type preceding it in terms of life stage, except for sporelings at 4 months after 
transplanting which exhibited a higher mean percent survival than the IA sporophyte transplant-
type (Table 2.4; Figure 2.2). One-way ANOVA at 24 months after transplanting indicated a 
significant difference in mean percent survival between transplant-types (P = 0.004) (Table 2.3) 
and a Tukey’s HSD post hoc test indicated that IOA sporophytes consistently had a significantly 
higher mean percent survival than all other transplant-types (Table 2.4). Four months after 
transplanting, gametophytes exhibited a significantly lower mean percent survival (3.64% ± SE 
1.71) than all other transplant-types. Sporelings (38.33% ± SE 4.53) and IA sporophytes (36.53% 
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± SE 6.77) exhibited a similar mean percent survival, with each transplant-type exhibiting a 
significantly higher mean percent survival than gametophytes. IOA sporophytes (60.79% ± SE 
1.75) exhibited a significantly higher mean percent survival compared to all other transplant-
types after 4 months. 
In July 2016, 12 months after transplanting, all transplant-types exhibited a lower mean 
percent survival compared with October 2015. The mean percent survival of sporelings (5.92 ± 
SE 1.73) and IA sporophytes (8.51 ± SE 3.98) were reduced drastically compared to October 
2015. From July 2016 until the final census in July 2017, the gametophyte, sporeling, and IA 
sporophyte transplant-types exhibited mean percent survival rates that were not significantly 
different. The IOA sporophyte life stage, however, exhibited a significantly higher mean percent 
survival than all other life stages from the time of the first census in October2015 until the final 
census in July 2017. Following the census in July 2016, a notable “leveling off” of mean percent 
survival was observed, with reduction of mean percent survival for all life stages slowing 
dramatically during this time.  
A total of 6 transplants reached maturity over the 24-month monitoring period as 
indicated by the presence of sori on the underside of the frond(s). At Twin Basins, 3 IOA 
sporophytes and 1 IA sporophyte reached maturity. Two IOA sporophytes reached maturity at 
Split Rock, while no transplants of any type reached maturity at Sentinel Basin. Most of the 
transplants that reached maturity did so between 16 and 24 months, while a single transplant at 
Twin Basins attained maturity within 12 months after transplanting.  
 The mean number of fronds and standard error was calculated for each frond-bearing 
transplant-type at each census period (Figure 2.3). Sporelings exhibited the lowest mean number 
of fronds (5.86 ± SE 1.60) among transplant-types at the time of transplanting. Four months after 
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transplanting, mean number of fronds for sporelings decreased slightly (4.17 ± SE 1.33) before 
an increase was observed in July 2016 (6.29 ± SE 1.69). Mean number of fronds has remained 
near constant for sporelings from July 2016 until the final census period in July 2017. IA 
sporophytes exhibited the highest mean number of fronds (13.86 ± SE 2.82) at the time of 
transplanting. The most dramatic decrease in mean number of fronds for IA sporophytes was 
observed 4 months after transplanting with the mean falling to 8.33 (± SE 1.12) fronds in 
October 2015. Mean number of fronds was further reduced 12 months after transplanting (6.17 ± 
SE 1.80) before increasing in October 2016 (7.50 ± 1.84) and remaining stable in July 2017 (7.29 
± SE 2.74). IOA sporophytes exhibited an initial mean number of fronds of 9.19 (± SE 1.35) in 
July 2015. Similar to IA sporophytes, a decrease in mean number of fronds was observed after 4 
months (8.00 ± SE 0.87) and 12 months (5.40 ± SE 0.74) before increases at 16 months (7.00 ± 
SE 1.04) and 24 months (8.57 ± SE 1.24) were observed. A general trend of a decrease in mean 
number of fronds over the first 4 to 12 months after transplanting, followed by a recovery and 
stabilization from 12 to 24 months after transplanting, was observed consistently between 
transplant-types. 
 The mean total frond length and standard error was calculated for each frond-bearing 
transplant-type at each census period (Figure 2.4). Sporelings exhibited the lowest mean total 
frond length (13.79 cm ± SE 8.34) of all transplant-types at initial transplanting. A decrease in 
mean total frond length was observed 4 months after transplanting (6.25 cm ± SE 2.53) followed 
by an increase at 12 months (19.58 cm ± SE 6.98) and slow but stable growth until 24 months 
(21.57 cm ± 8.09) after transplanting. IA sporophytes exhibited the highest mean total frond 
length (86.20 cm ± SE 23.10) at initial transplanting. A dramatic decrease in mean total frond 
length was observed at 4 months after transplanting (25.86 cm ± SE 6.70) followed by steady 
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growth until 24 months after transplanting (45.60 cm ± 15.40). Mean total frond length of IOA 
sporophytes was 20.00 cm (± SE 4.06) at initial transplanting and remained relatively stable until 
an increase at 24 months after transplanting (33.30 cm ± SE 11.40). Similar to the trends 
observed for mean number of fronds, mean total frond length tended to decrease at 4 months 
after transplanting for all transplant-types. At 12 months after transplanting and beyond, a trend 
of stable and increasing growth is observed until the end of the 24-month monitoring period for 
each life stage. 
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Table 2.2. Summary of the number of initial transplants (July 2015) and confirmed surviving 
transplants over a 24-month monitoring period by transplant-type and reintroduction site. 
 Number of surviving transplants 
Transplant-type | Site Jul 2015 Oct 2015 Jul 2016 Oct 2016 Jul 2017 
Protonemata (dishes)      
Sentinel Basin 42 0 0 0 0 
Twin Basins 43 0 0 0 0 
Split Rock 42 0 0 0 0 
Total 127 0 0 0 0 
Gametophytes (clumps)      
Sentinel Basin 493 20 0 0 0 
Twin Basins 317 10 9 7 7 
Split Rock 495 2 2 0 0 
Total 1305 32 11 7 7 
Sporelings      
Sentinel Basin 93 21 3 3 3 
Twin Basins 88 36 6 4 1 
Split Rock 87 28 5 3 3 
Total 268 85 14 10 7 
IA Sporophytes1      
Sentinel Basin 42 10 2 1 1 
Twin Basins 44 19 5 4 4 
Split Rock 37 9 2 2 2 
Total 123 38 9 7 7 
IOA Sporophytes2      
Sentinel Basin 17 9 4 4 4 
Twin Basins 30 35 17 14 14 
Split Rock 55 30 10 10 7 
Total 102 74 31 28 25 
Total (all transplant-types)      
Sentinel Basin 687 60 9 8 8 
Twin Basins 522 100 37 29 26 
Split Rock 716 69 19 15 12 
Grand Total 
(all transplant-types and sites) 1,925 229 65 52 46 
                                                          
1 IA (Indoor acclimatized) sporophytes were subjected to only indoor acclimatization prior to transplanting. 
2 IOA (Indoor/outdoor acclimatized) sporophytes were subjected to both indoor and outdoor acclimatization prior to 
transplanting. 
46 
 
 
 
 
 
 
 
Figure 2.1. AHTF sporelings in Twin Basins in July 2017 produced by the only surviving 
gametophyte transplants across three reintroduction sites. Initial sporeling production was 
recorded in October 2015. Photo: Michael Serviss. 
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Figure 2.2. Raw percent survival of four transplant-types of AHTF by reintroduction site as of 
July 2017. 
 
 
 
Table 2.3. One-way analysis of variance results for mean percent survival at 24 months versus 
transplant-type at α= 0.05. 
Source df SS MS F P 
Transplant-type 3 1316.5 438.82 10.60 0.004 
Error 8 331.2 41.41   
Total 11 1647.7    
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Table 2.4. Mean percent survival (± standard error) of AHTF transplants over 20 months (N=3) 
and corresponding grouping with Tukey’s HSD pairwise comparisons (α= 0.05). Values with 
different letters within each census period indicate significant difference from each other. 
 Mean % survival 
Transplant-type Oct 2015 July 2016 Oct 2016 July 2017 
Gametophyte 3.64 (±1.71)c 0.96 (±1.44)b 0.75 (±0.75)b 0.75 (±0.75)b 
Sporeling 38.33 (±4.53)b 5.92 (±1.73)b 4.26 (±0.34)b 3.03 (±0.89)b 
IA sporophyte 36.53 (±6.77)b 8.51 (±3.98)b 6.68 (±2.32)b 6.68 (±2.32)b 
IOA sporophyte 60.79 (±1.75)a 31.61 (±6.84)a 29.14 (±5.09)a 27.18 (±6.96)a 
 
 
 
 
 
 
Figure 2.3. Mean percent survival and standard error (N= 3) of four transplant-types of AHTF 
over 20 months. 
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Figure 2.4. Mean number of fronds and standard error of AHTF transplants of three transplant-
types over 24 months. 
 
 
Figure 2.5. Mean total frond length (cm) and standard error of AHTF transplants of three 
transplant-types over 24 months. 
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Ordinal Logistic Regression and Predictors of Transplant Survival 
 A proportional odds model (POM) ordinal logistic regression analysis (inclusive of 
frond-bearing transplant-types) was performed to determine the predictive effect of several 
categorical and continuous variables on the odds of survival of transplants over the period of 24 
months (Table 2.5). Optimization of the model indicated that significant predictors of transplant 
survival (α = 0.10) include transplant-type (P < 0.001), vigor rating in July 2015 (P < 0.001), 
number of fronds in July 2015 (P = 0.074), mean frond length in July 2015 (P < 0.001), and 
transplant plot (P = 0.008). Optimization determined that the factors of reintroduction site (P > 
0.10) and source population (P > 0.10) were not significant predictors of the survival of 
transplants over 24 months. The validity of the model was assessed with measures of association 
between the response variable and predicted probabilities with Somers’ D (0.62), Goodman-
Kruskal Gamma (0.62), and Kendall’s Tau-a (0.33).  
 The significant effect of transplant-type on the survival of transplants was highlighted 
with the results of multiple one-way ANOVA and Tukey’s HSD post hoc tests over the course of 
24 months in the previous section. The effect of transplant-type was further quantified in the 
POM ordinal logistic regression analysis. When using IOA sporophytes as the reference level in 
the model, the odds of sporelings dying within the first twelve months were 6.41 (95% CI, 3.48 
to 11.81) times that of IOA sporophytes (P < 0.001). The odds of IA sporophytes dying within 
the first twelve months were 14.87 (95% CI, 6.70 to 32.98) times that of IOA sporophytes (P < 
0.001); more than double the odds of sporelings. When using IA sporophytes as the reference 
level in the model, the odds that IA sporophytes would survive longer than twelve months were 
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43% (95% CI, 0.21 to 0.90) that of sporelings (P = 0.024) and only 7% (95% CI, 0.03 to 0.15) 
that of IOA sporophytes (P < 0.001). 
 Vigor rating at the time of transplanting was also a significant predictor of transplant 
survival in the model. When using “average” vigor as the reference level in the model, the odds 
that a transplant of “very poor” vigor would die prior to twelve months were 5.03 (95% CI, 1.29 
to 19.57) times that of transplants of “average” vigor (P = 0.020). The odds of dying before 
twelve months for transplants rated as “poor” were improved to 2.49 (95% CI, 1.11 to 5.58) 
times that of “average” transplants (P = 0.027). As vigor rating increased, the odds that an 
“average” transplant survived beyond twelve months were 43% (95% CI, 0.23 to 0.80) that of a 
transplant in “good” vigor (P = 0.007) and 32% (95% CI, 0.15 to 0.67) that of a transplant of 
“excellent” vigor (P = 0.003). When using a vigor rating of “excellent” as the reference level, it 
was found that transplants of “very poor” (P < 0.001) and “poor” (P < 0.001) vigor were 15.62 
(95% CI, 3.52 to 69.32) and 7.72 (95% CI, 2.96 to 20.13) times more likely to die before twelve 
months than transplants of “excellent” vigor, respectively. Furthermore, transplants of “average” 
vigor were 3.10 (95% CI, 1.49 to 6.48) times more likely to die before twelve months than 
transplants of “excellent” vigor (P = 0.003). There was no significant difference in the odds of 
survival past twelve months between transplants in “good” vigor and those in “excellent” vigor 
(P = 0.410). 
 Predictors regarding the size of transplants at the time of transplanting, specifically the 
number of fronds and the mean frond length, were identified as significant predictors during 
model optimization. This predictive effect held true for mean frond length as an increase in mean 
frond length (per cm) corresponded with a 66% (95% CI, 0.56 to 0.79) increase in the odds that a 
transplant will survive beyond twelve months (P < 0.001). While mean frond length was a 
52 
 
significant predictor of survival, the effect of mean frond length is likely relatively small 
compared to other predictors as indicated by a coefficient that is closer to zero than most other 
predictors (Coefficient = -.411023). Number of fronds at the time of transplanting was a less 
significant predictor than mean frond length (P = 0.074). Additionally, the effect of number of 
fronds is limited in the model as evidenced by a coefficient that is extremely close to zero 
(Coefficient = -0.0572257). Nevertheless, for each additional frond, the odds that a transplant is 
likely to die before twelve months is reduced by 6% (95% CI, 0.89 to 1.01).  
 The effect of transplant plot was also determined as a significant predictor of survival. 
When compared with plot # SR9 (the plot with the most significant effect on survival beyond 
twelve months), transplants within an immediately adjacent plot (SR2) were 5.83 (95% CI, 1.01 
to 33.66) times more likely to die within twelve months (P = 0.049). The plot with the most 
significant departure in results from plot # SR9 was plot # SB5. Transplants in plot # SB5 were 
56.05 (95% CI, 5.83 to 538.91) times more likely to die before twelve months than transplants 
within plot # SR9 (P < 0.001). In total, transplants in 9 of 26 transplant plots had significantly 
lower odds of survival beyond twelve months when compared to plot # SR9. 
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Table 2.5. Results of the Proportional Odds Model ordinal logistic regression analysis for AHTF 
transplants across three reintroduction sites. 
        95% Confidence interval 
Predictor variable 
(categorical reference level) Coefficient P-value Odds ratio Lower Upper 
Transplant-type (IOA sporophyte)      
Sporeling 1.85856 < 0.001 6.41 3.48 11.81 
IA sporophyte 2.69902 < 0.001 14.87 6.70 32.98 
Transplant-type (IA sporophyte)      
Sporeling -0.840474 0.024 0.43 0.21 0.90 
IOA sporophyte -2.69903 < 0.001 0.07 0.03 0.15 
Vigor rating in July 2015 (Average)      
Very poor 1.61591 0.020 5.03 1.29 19.57 
Poor 0.910902 0.027 2.49 1.11 5.58 
Good -0.842066 0.007 0.43 0.23 0.80 
Excellent -1.13284 0.003 0.32 0.15 0.67 
Vigor rating in July 2015 (Excellent)      
Very poor 2.74838 < 0.001 15.62 3.52 69.32 
Poor 2.04338 < 0.001 7.72 2.96 20.13 
Average 1.13248 0.003 3.10 1.49 6.48 
Good 0.290414 0.410 1.34 0.67 2.67 
Number of fronds in July 2015 -0.0572257 0.074 0.94 0.89 1.01 
Mean frond length in July 2015 -0.411023 < 0.001 0.66 0.56 0.79 
Transplant plot (Plot# SR9)      
SR8 2.32129 0.003 10.19 2.18 47.56 
SB3 1.59811 0.060 4.94 0.94 26.13 
TB1 2.03294 0.011 7.64 1.60 36.39 
TB7 0.351707 0.654 1.42 0.31 6.60 
TB4 0.17667 0.819 1.19 0.26 5.42 
SB5 4.02633 < 0.001 56.05 5.83 538.91 
SB8 1.005 0.231 2.73 0.53 14.14 
SR3 0.900267 0.273 2.46 0.49 12.31 
TB8 1.54469 0.044 4.69 1.04 21.09 
SB9 1.74888 0.087 5.75 0.78 42.47 
SB6 0.404736 0.633 1.50 0.28 7.90 
SR7 1.14000 0.137 3.16 0.69 14.36 
SB2 3.11853 0.003 22.61 2.99 170.77 
SR5 0.0355733 0.960 1.04 0.26 4.17 
SB7 1.31595 0.127 3.73 0.69 20.21 
TB9 1.2359 0.142 3.44 0.66 17.91 
TB6 2.28291 0.009 9.81 1.77 54.21 
SR6 1.46575 0.052 4.33 0.99 18.99 
TB3 0.881202 0.257 2.41 0.53 11.07 
SR4 1.96285 0.017 7.12 1.42 35.67 
TB2 1.40551 0.089 4.08 0.81 20.59 
TB5 0.296218 0.694 1.34 0.31 5.89 
SR1 1.41481 0.076 4.12 0.86 19.61 
SR2 1.7631 0.049 5.83 1.01 33.66 
SB1 1.18708 0.178 3.28 0.58 18.44 
SB4 2.23451 0.007 9.34 1.86 46.92 
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Discussion 
Effects of Life Stage on Survival and Growth 
 Previous research on rare and threatened plant reintroductions often conclude that 
transplant life stage has a significant effect on the survival and growth of transplants (Drayton & 
Primack 2000; Jusaitis et al. 2004; Maschinski & Duquesnel 2007; Godefroid et al. 2011; 
Albrecht & Maschinski 2012; Dalrymple et al. 2012). In general, more advanced life stages tend 
to exhibit higher rates of survival and growth than less advanced life stages. However, previous 
research has consistently reached these conclusions based on reintroductions of seed-bearing 
plants. The results of this experiment on AHTF are inconclusive regarding the hypothesis that 
transplants of more advanced life stages will exhibit higher percent survival than transplants of 
less advanced life stages. IA and IOA sporophytes, the most advanced life stages, consistently 
exhibited a higher mean percent survival than less advanced life stages over the duration of the 
24-month monitoring period. However, the difference in mean percent survival between IA 
sporophytes, sporelings, and gametophytes was not observed to be significant between 12 and 24 
months after transplanting. The lack of significance suggests that, since IA sporophytes, 
sporelings, and gametophytes were not treated with outdoor acclimatization prior to 
reintroduction, the most significant effect on survival was the more rigorous outdoor 
acclimatization treatment received by IOA sporophytes prior to reintroduction. IOA sporophytes 
exhibited significantly higher survival compared with all other life stages, with a mean percent 
survival of 27.18% (± SE 6.96) after 24 months. It should be noted that the results of the one-
way ANOVA and Tukey’s HSD tests were based on a small sample size (N=3), although the 
significant differences in survival between IOA sporophytes and other transplant-types are 
evident in practice when considering the number of individuals that have survived from each 
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transplant-type after 24 months. Despite representing the smallest number of individuals (102) at 
initial transplanting, IOA sporophytes have the highest number of surviving individuals (25) 
across all reintroduction sites after 24 months compared with IA sporophytes (7), sporelings (7), 
and gametophytes (7), respectively. IOA sporophytes also had the highest number of surviving 
individuals within each reintroduction site when compared to all other life stages. At the opposite 
end of the life stage spectrum, the use of protonemata as a potential reintroduction transplant life 
stage was unsuccessful (Table 2.2). Protonemata appear more sensitive to drying than all other 
life stages used in this experiment and received no acclimatization prior to transplanting, which 
helps to explain this result. 
 Differences in physiology at the time of transplanting between transplants that did not 
receive outdoor acclimatization and those that did could explain the significantly better 
performance of IOA sporophytes. While this experiment did not test for differences in leaf 
anatomy or physiology between transplants treated with different acclimatization methods at the 
time of transplanting, previous microscopy research has found that the leaves of field 
acclimatized plants have more defined palisade and spongy parenchyma layers, higher cell 
densities, and thicker epidermal and cuticle layers (Wetzstein & Sommer 1982; Pospóšilová et 
al. 1999). These anatomical differences improve the ability of leaves to buffer against the effects 
of desiccation, including lowering transpirational water loss post-reintroduction. At least two 
other studies have reported increased survival of lab propagated plants after transplanting into 
field conditions via the use of acclimatization of transplants in increasingly rigorous phases. 
Perhaps the most successful documented fern reintroduction project noted that transplants of the 
rare and threatened Woodsia ilvensis propagated from spore were acclimatized in a shade tunnel 
at the Royal Botanic garden Edinburgh prior to reintroduction (McHaffie 2006). Multi-phased 
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acclimatization methods, including a succession of growth chamber, greenhouse, open 
greenhouse, and field acclimatization phases, resulted in the successful (95% reported survival) 
reintroduction of the endangered wild olive Olea maderensis (Brito et al. 2009). 
 The recruitment of new plants by a reintroduced population is typically the long-term 
goal and benchmark of success in plant reintroduction (Godefroid et al. 2011). A total of six 
transplants, including five IOA sporophytes and one IA sporophyte, reached maturity (based on 
the appearance of sori) during the 24-month monitoring period. Four transplants (3 IOA 
sporophytes, 1 IA sporophyte) reached maturity at Twin Basins, while the other two transplants 
(IOA sporophytes) reached maturity at Split Rock. The recruitment of new AHTF individuals 
produced by transplants has yet to be observed, although, it is very early to expect any noticeable 
growth of new plants as most mature transplants started producing sori within 12 months of the 
end of the monitoring period. Maturation of transplants is a critical step in the process of 
promoting genetic connectivity between AHTF populations, particularly since most mature 
transplants are within Twin Basins. The Twin Basins site was strategically selected largely 
because it is between 320 and 800 m of six populations of AHTF within Clark Reservation State 
Park. Additionally, the maturation of transplants at Split Rock increases the potential to augment 
the genetic diversity of the extant population at that site, which is less than 50 m from the 
reintroduction site. 
 Growth of transplants post-reintroduction, in terms of mean number of fronds, followed a 
similar trend for each frond-bearing transplant-type. Each transplant-type showed a decrease in 
mean number of fronds within 4 months after transplanting, likely due to difficulty acclimating 
to ambient conditions at each reintroduction site. Some loss during this period could also be due 
to natural senescence, as fronds may not tend to follow normal seasonal growth patterns 
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observed in wild plants due to differences between greenhouse, field (experimental), and wild 
environmental conditions. Sporelings recovered from the initial decrease within 12 months, but 
little increase in mean number of fronds between 12 and 24 months was observed. IA and IOA 
sporophytes exhibited a decrease in mean number of fronds at 4 and 12 months, respectively. 
Each transplant-type then exhibited an increase in mean number of fronds at 16 and 24 months, 
respectively. However, neither IA nor IOA sporophytes achieved recovery to the same mean 
number of fronds exhibited at the time of transplanting. Despite only sporelings fully recovering 
in terms of mean number of fronds, the projection of mean number of fronds appears to be 
increasing for each transplant-type toward recovery and continued growth. 
The continued production of new fronds is promising and it also influenced the measure 
of mean total frond length. Mean total frond length followed a similar pattern to mean number of 
fronds for each transplant-type, exhibiting a decrease at 4 months after transplanting followed by 
increases thereafter. Sporeling and IA sporophytes exhibited a higher decrease in mean total 
frond length than IOA sporophytes at 4 months after transplanting. This decrease could be 
because the larger fronds of sporelings and IA sporophytes tended to die at higher rates than 
smaller fronds, resulting in a reduced mean total frond length, especially for IA sporophytes. 
Between 12 and 24 months, mean total frond length tended to increase for each transplant-type. 
This trend is likely because the loss of fronds soon after transplanting gave way to production of 
new fronds in the spring and summer of 2016. Since AHTF is an evergreen fern with fronds that 
typically persist for more than one growing season, new fronds of any length increased the mean 
total frond length for a transplant because most living fronds from the previous field season were 
typically still present and were included in the analysis. Dead fronds from the previous field 
seasons were noted, but not included in the calculation of mean number of fronds or mean total 
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frond length because they were no longer contributing to the overall growth of each plant. 
Evidence of herbivory of some fronds, mainly from slugs, was observed at each reintroduction 
site and likely contributed to death or inhibition of growth of at least some fronds. Additionally, 
the decrease in sample size over time as transplants died contributed to the inability to perform 
rigorous statistical hypothesis tests that could help quantify the effect of transplant-type on 
growth of transplants. The results of the effect of transplant-type on the overall growth of 
transplants are inconclusive. However, each transplant-type exhibited a trend of growth over 
time. This trend is promising for the use of each transplant-type in reintroduction. The effect of 
the size of transplants at the time of transplanting on the odds of survival over time are addressed 
in the next section. 
Ordinal Logistic Regression and Predictors of Transplant Survival 
 The effect of transplant-type consistently favored the survival of IOA sporophytes over 
all other transplant-types. On the other hand, results of Multiple Tukey’s HSD pairwise 
comparisons indicated that there were no significant differences between mean percent survival 
of sporeling and IA sporophyte transplant-types. Regression analysis, however, showed 
interesting results regarding the odds of survival between sporelings and IA sporophytes. Despite 
exhibiting a lower mean percent survival compared with IA sporophytes at all census periods 
between 12 and 24 months, it appears that the odds that sporelings will survive longer than 12 
months were 57% greater than that of IA sporophytes. As the model incorporates observations of 
both survival and death in an ordinal manner (in the context of time) as opposed to simply 
comparing mean percent survival at fixed time intervals for significance, it provides more 
accurate depictions of the likelihood of survival over time for each transplant-type. It should be 
noted that the coefficient calculated for sporelings in this analysis (- 0.840474) is more than three 
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times weaker than the coefficient comparing IOA sporophytes to IA sporophytes (- 2.69903).  
Both coefficients indicate a likelihood of longer survival as indicated by the negative coefficient, 
however, the effect of the sporeling transplant-type is much less powerful than the effect of the 
IOA sporophyte transplant-type when the size of the coefficients is incorporated into the 
interpretation. The interpretation of the regression analysis does not support the hypothesis that 
transplants of more advanced life stages are more likely to survive than transplants of less 
advanced life stages. However, the analysis strongly supports the hypothesis that transplants 
treated with more rigorous acclimatization are more likely to survive than transplants that 
received less rigorous acclimatization. There is clear evidence that more rigorous acclimatization 
is the most influential factor on the survival of reintroduced AHTF, rather than life stage. 
 One factor that is often overlooked in plant reintroduction is that, regardless of other 
factors, not all transplants are equal in terms of vigor at the time of transplanting. Size is not an 
accurate indicator of vigor as many larger transplants used in this experiment appeared to be of 
lesser vigor at the time of transplanting, and vice versa. Furthermore, differences in vigor at the 
time of transplanting were likely to influence the odds of survival and potential for growth of 
transplants of any transplant-type or size. Significant differences in survival between transplants 
with different vigor ratings were confirmed in model optimization when vigor rating was 
determined to be a significant predictor of survival over time. While the rating of vigor in this 
experiment was largely based on the appearance of the transplants as interpreted by practitioners, 
the results support the hypothesis that transplants of better vigor are more likely to survive longer 
than those of less vigor. This conclusion is supported by the significant results of the model, 
which indicated that even transplants with “average” vigor at the time of transplanting were 3 
times more likely to die within 12 months than those of “excellent” vigor. 
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 Size of transplants at the time of transplanting, as measured by number of fronds and 
mean frond length, showed a less impactful predictive power on prospects of survival over time 
when compared to the effects of transplant-type, nature of acclimatization, and vigor. 
Nevertheless, there was a weak effect of mean frond length which suggests that as mean frond 
length at the time of transplanting increases, the odds of survival beyond 12 months also 
increase, even if the effect is very small. An even weaker effect of number of fronds was also 
present. As the number of fronds increased at the time of transplanting, the odds of surviving 
beyond 12 months also minimally increased. It is likely that the effect of both factors is not 
significant, as discussed previously, the size of a transplant is not an accurate proxy indicator of 
vigor, which had a much more significant effect on survival.  
 The effect of transplant plot on the odds of survival of a transplant was slightly less 
significant than the categorical predictors of transplant-type and vigor, but still had significant 
predictive influence on the survival of transplants. At least one previous fern reintroduction 
project concluded that a difference in niche habitat significantly influenced establishment of 
transplants (Aguraiuja 2011). While specific attributes of plot and/or microsite levels were not 
quantified in this experiment, including microclimate, edaphic, and biotic variables, field notes 
recorded at each census period can help describe some issues related to potentially excessive 
mortality at some of the plots. Many plots that showed significant departures from plot # SR9 
(the best plot predictor of survival beyond 12 months) were observed to have issues of excessive 
erosion, rock slides, dryness of soil, heavy leaf litter, excessive moss growth over microsites, or 
evidence of soil heave likely caused by frost or ice. Some plots that did not have significant 
departures from plot # SR9 also had some of these issues, although the degree to which the 
issues affected the entire area of each plot was not quantified. It is likely that a combination of 
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the aforementioned issues related to mortality greatly influenced the odds of survival within each 
plot, however, it is not possible to analyze these variables with the data collected at each census. 
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Chapter 3: Microclimate of Reintroduction Sites and Implications for Transplant Survival 
 
Introduction 
 Ferns generally lack the coevolved dispersal vectors that influence the distribution of 
seed and pollen-bearing plants, therefore, climate and habitat preferences are considered the 
main constraints on fern species distribution (Barrington 1993). In particular, water availability 
and susceptibility to drought among most ferns are factors that tend to limit species distributions 
(Quirk & Chambers 1981; Marquez et al. 1997; Karst et al. 2005; Bickford & Laffan 2006). 
Increased periods of drought may present a severe problem for ferns, as the changing climate of 
the earth is expected to increase drought and tree mortality within forests across the globe, even 
for habitats that are not currently considered water-limited (Allen et al. 2010). Additionally, most 
ferns tend to be intolerant of wide fluctuations in light regimes, humidity, and wind speeds (Page 
2002). Ferns that are distributed primarily within mesic habitats, such as mesic forests in central 
New York, could be impacted significantly by drought because they are far less tolerant to 
desiccation than ferns that are distributed primarily in xeric habitats (Kessler & Siorak 2007). 
While precipitation is projected to increase throughout the northeastern United States over the 
next century according to current models, drought events induced by higher temperatures and 
subsequent increases in evapotranspiration are also projected to increase throughout the region 
(Wehner et al. 2017). Species with limited ranges also tend to be more vulnerable to changes in 
climate than those that are broadly distributed, which imparts an increased risk of extinction for 
species with limited ranges (Thuiller et al. 2005; Schwartz et al. 2006). While plant species have 
historically adapted to a changing climate (Davis & Shaw 2001), there are concerns regarding 
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genetic constraints on the adaptive potential of species in the face of a more rapidly changing 
climate (Etterson & Shaw 2001). 
 The impact of climate alone, of course, is not the only factor that influences the 
distribution of most ferns. Guo et al. (2003) found that, regarding life history, evergreen species 
and species that only reproduce sexually had smaller geographic ranges than seasonally green 
species and those with sexual and asexual strategies, respectively. Life history stage, particularly 
that of the gametophyte stage, also appears to be a factor in the distribution of some species. 
Nutrient availability has been shown to significantly influence gametophyte mortality, growth, 
sex determination, and sporophyte production in Dryopteris filix-mas (Korpelainen 1994). 
Regeneration niche, defined as the requirements necessary for a high chance of establishment of 
a new generation as determined by the processes and characters of a given area (Grubb 1977), is 
a critical factor in the distribution of highly specialized species, including many ferns. 
Differential availability of a regeneration niche with higher humidity between forest types was 
found to significantly increase the number of gametophytes and sporophytes produced by spores 
in several fern species (Flinn 2007). In a fern reintroduction experiment examining aspects of 
regeneration niche, flooding and shading within microsites were found to be significant factors in 
the establishment of the endangered Hawaiian endemic, Marsillea villosa (Chau & Reyes 2013). 
 Wind, as it relates to spore dispersal, is another critical factor in the distribution of fern 
species. Anemochory, or wind dispersal, is the primary mechanism of dispersal of spores for 
most ferns. Long distance dispersal, at the scale of thousands of kilometers, is possible for 
pteridophytes because of the small, lightweight character of the spores and their ability to remain 
viable in the extreme conditions of the upper atmosphere (Page 2002). However, spore dispersal 
may be limited to the scale of tens of meters or less under conditions of low wind or when 
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physical barriers, such as dense forests, inhibit the movement of fern spores (Raynor et al. 1976). 
Lack of gene flow in AHTF, as well as their occurrence within well protected glacial plunge 
basins and ravines, suggest that wind dispersal of spores between AHTF populations is limited at 
best (Fernando et al. 2015). Recent research suggests that alternative mechanisms of fern spore 
dispersal, including endozoochory and epizoochory, are potentially more common and 
widespread than is currently understood (Sugita et al. 2013; Barbe et al. 2016; Boch et al. 2016). 
The relationship between climatic factors and the occurrence and demography of AHTF 
at various spatial and temporal scales has been the focus of several studies in recent decades. 
Common microclimatic factors that influence the occurrence of AHTF throughout central New 
York include a preference for habitats that are typically lower in temperature, but with fewer 
freezing days, than adjacent areas, as well as more limited extreme fluctuations in temperature 
(Brumbelow 2014). The occurrence of AHTF in well protected glacial plunge basins and ravines 
likely helps to buffer against the effects of extreme fluctuations in climate, including freezing, 
which has been found to be damaging to mature sporophytes even for the non-threatened closest 
relative of AHTF, the European hart’s-tongue fern (Asplenium scolopendrium var. 
scolopendrium) (Bremer & Jongejans 2010). Higher humidity within AHTF habitats has also 
been documented in contrast to adjacent areas (Petry 1918). AHTF’s preference for higher levels 
of moisture, and sensitivity to drought, have been highlighted by decreases in population size 
following drought events, especially for populations less protected from wind desiccation 
(Cinquemani et al. 1988; Cinquemani Kuehn & Leopold 1992). AHTF gametophytes may be 
especially susceptible to desiccation and an inability to recover following even mild drying 
events (Testo & Watkins 2013). The number of very wet months in a year has also been found to 
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negatively impact AHTF populations, possibly due to competition from the enhanced growth of 
neighboring understory herbaceous plants (Kelsall et al. 2004). 
While there is extensive knowledge regarding the effect of climatic factors on extant 
populations of AHTF, at least in central New York, it is unclear what the effect may be on 
propagated AHTF post-reintroduction. It is also unclear if any differences in microclimate 
between reintroduction sites may be able to account for differences in survival between sites or 
transplant-types. Generally, reintroduction sites that are ecologically similar to that of the source 
population are recommended for rare and threatened plant reintroductions (Lawrence & Kaye 
2009). The reintroduction sites selected for this experiment were deemed highly suitable by a 
habitat model created specifically for AHTF in New York (New York Natural Heritage Program, 
2012) that incorporated thousands of data points related to dozens of environmental variables 
associated with the species known habitat characteristics. Field visits to each site further verified 
the similarity of habitat characteristics between reintroduction and extant AHTF sites. 
Furthermore, two of the selected sites, Sentinel Basin and Split Rock, are within 50 m of extant 
AHTF populations, so extreme differences in microclimate between extant and reintroduced 
populations at these sites are unlikely. 
The goal of this study is to describe the general microclimate aspects of each 
reintroduction site into which AHTF were transplanted for this experiment. Any extreme 
differences in temperature, humidity, solar radiation, and wind speed and direction may help 
explain any observed differences in survival of AHTF transplants at each site, slope position, or 
in relation to each transplant-type. However, extreme differences in microclimate between the 
reintroduction sites are not expected, therefore, this study aims to provide baseline information 
regarding the microclimate at each site and to validate the selection criteria for each 
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reintroduction site. Baseline microclimate information is particularly important for the Twin 
Basins reintroduction site because the microclimate of the site has not been previously studied 
due to the absence of an extant AHTF population within the basins. Wind speed and direction 
data have never been collected within AHTF habitats in central New York and could prove 
particularly useful in determining the extent to which wind is influencing AHTF spore dispersal 
and desiccation of sporophytes and gametophytes. Information on these microclimate aspects 
may be useful in the identification and selection of future AHTF reintroduction sites. 
 
Methods 
Study Design 
 Three microclimate monitoring stations were deployed at each of three reintroduction 
sites. Each station was equipped with one Davis Cup Anemometer (Davis Instruments Corp., 
adapted for use by Decagon Devices, Inc.) positioned approximately one meter above the 
ground, one solar radiation sensor (Apogee Instruments Inc., model SP-110) positioned 
approximately 75 cm above the ground, one temperature and humidity sensor (Decagon Devices, 
Inc., model VP-3) positioned approximately 50 cm above the ground, and one data logger 
(Decagon Devices Inc., model EM-50) (Figure 3.1). Davis Cup Anemometers were calibrated to 
true north in accordance with manufacturer specifications. Solar radiation sensor cables were 
positioned pointing to true north in accordance with manufacturer specifications. Each sensor 
and data logger were affixed to a PVC pipe that was staked into the ground with supports that 
helped to maintain the level surface of each sensor. The stations were arranged along a single 
transect running from the upper slope at each reintroduction site to the lower slope of each site 
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(not the bottom of the slope, but aligned with the lowest plots) at approximately 10 m distance 
from each other. The transect was placed approximately through the center of each 
reintroduction site. Sensors recorded and logged data every 15 min over the entire course of the 
24-month monitoring period (except for January to March 2016 and intermittently when sensors 
failed or required repair) for a total of 96 measurements per day. The data were downloaded in 
the field periodically, at which time batteries were checked and sensors were inspected for 
damage and cleaned in accordance with manufacturer specifications. 
 
Figure 3.1. A microclimate monitoring station mounted in Clark Reservation State Park, 
Jamesville, NY. Photo: Michael Serviss. 
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Data Analysis 
 For each day, the mean, minimum, and maximum values were calculated or recorded for 
the variables of air temperature (ºC), relative humidity (%), and solar radiation (Watts/m2) using 
Excel 2016 (Microsoft Corporation). Daily statistics were then used to create seasonal profiles 
for each station by calculating the mean daily, mean daily minimum, and mean daily maximum 
values and standard deviations of each variable. Seasons were delineated in accordance with 
traditionally recognized seasonality including Winter (January to March), Spring (April to June), 
Summer (July to September), and Autumn (October to December). Each season included data 
beginning with the first day of the first month included in the season and ending with the last day 
of the last month, whenever possible. 
 Wind speed and direction were analyzed separately from all other climate variables. The 
frequency of direction of wind, divided into sixteen distinct directions with a 22.5º allotment for 
each direction (360º scale), was calculated for each direction. Each wind event (an observation of 
wind with both a speed and a direction) was tallied by direction and calculated into a proportion 
(representing frequency) of all wind events for each direction over the entire monitoring period 
using Excel 2016 (Microsoft Corporation). Additionally, mean wind speed (m/s) and mean gust 
speed (m/s) were calculated for each direction using wind events over the entire monitoring 
period, where gust speed was defined as the strongest observed wind during each wind event. All 
calculations of direction frequency, mean wind speed, and mean gust speed were performed on 
all available data for each station spanning the entire monitoring period except for data between 
November 15th and March 15th of each year, as the likelihood that snow would cover transplants 
was greatest during these periods. Calculations of wind direction frequency, mean wind speed, 
and mean wind gusts were plotted concurrently for each station in a radar chart to aid in the 
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visualization of wind speed and direction recorded at each station. The radar charts, or wind rose 
diagrams as they are often referred to, are commonly used graphical representations of wind 
speed and direction in the meteorological and wind energy industries. The lower slope station at 
the Twin Basins site was omitted from the analysis due to corruption of most of the wind data 
collected over the monitoring period. 
 
Results 
A full microclimate profile of each season for which data was recorded, inclusive of air 
temperature, relative humidity, and solar radiation means and standard deviations for each slope 
position at each site, is included in Appendix B. 
With respect to slope position and season, the difference in mean daily temperature was 
consistently within 1 ºC across each reintroduction site without exception. Similarly, the 
difference between the mean daily minimum temperature across all sites was never more than 1 
ºC with respect to slope position and season. However, there were differences of larger than 1 ºC 
in mean daily maximum temperature during two seasons, Spring 2016 and Winter 2017. During 
Spring 2016, a difference of 1.17 ºC between the lower slopes of Sentinel Basin (19.38 ºC) and 
Twin Basins (18.21 ºC) was observed. During Winter 2017, the Sentinel Basin mid-slope 
position exhibited a mean daily maximum of 4.51 ºC, which was 1.34 ºC higher than the 
observed mean at Split Rock (3.17 ºC) and 1.44 ºC higher than the observed mean at Twin 
Basins (3.07 ºC). Mean daily temperature, mean daily minimum temperature, and mean daily 
maximum temperature generally tended to increase with increasing slope position across all sites 
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and seasons. The difference in temperature between lower, mid, and upper slope positions, 
though, was rarely more than 1 ºC. 
Mean daily relative humidity tended to vary more noticeably than temperature across 
sites with respect to season and slope position. For lower slope positions, differences between 
sites of 4.0% or more were observed in Summer 2015, Autumn 2016, and Winter 2017 for 
stations with full data sets. With respect to lower slope position, the Sentinel Basin site 
consistently exhibited the highest mean daily relative humidity compared to all other sites from 
Summer 2015 until Summer 2016. After Summer 2016, the Twin Basins site then consistently 
exhibited the highest relative humidity across all sites at the lower slope position. With respect to 
upper and mid-slope positions, none of the sites exhibited a consistently higher or lower relative 
humidity compared to other sites across all seasons. The largest observed difference in mean 
daily relative humidity between sites, with respect to season and slope position, was a difference 
of 5.3 % between the upper slope positions of Split Rock (86.2 %) and Twin Basins (80.9 %) 
during Summer 2015. 
Mean daily minimum relative humidity exhibited larger divergence between sites with 
respect to slope position and season. The largest such divergence was a difference of 8.3% 
between the lower slope positions of Twin Basins (80.7%) and Split Rock (72.4%) during 
Autumn 2016. Mean daily minimum relative humidity rarely exhibited differences of more than 
3.0% between sites with respect to mid-slope positions during each season. Divergence of less 
than 3.0% was also the trend for upper slope positions, except for a difference of 5.8% between 
the Split Rock (64.7%) and Twin Basins (58.9%) during Summer 2015. 
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Mean daily maximum relative humidity rarely exhibited differences of greater than 3.0% 
across all sites with respect to season and slope position. The largest divergence from this trend 
was observed in Autumn 2016, when Split Rock (94.7%) had a 6.4% lower mean than Sentinel 
Basin (101.1%) and a 7.2% lower mean than Twin Basins (101.9%) with respect to the lower 
slope position. Mean daily, mean daily minimum, and mean daily maximum relative humidity 
generally tended to decrease when moving from lower to upper slope positions across all sites. 
The largest difference for any relative humidity variable, with respect to site and season, was a 
difference of 9.7% in mean daily minimum relative humidity between lower (73.1%) and upper 
(63.4%) slope positions at Twin Basins during Summer 2017. 
Mean daily and mean daily maximum solar radiation varied widely between sites, 
seasons, and occasionally slope positions. In general, the lowest mean daily and mean daily 
maximum solar radiation was observed in the summer and autumn seasons across all sites. The 
lowest mean daily solar radiation was observed at the upper slope position of Twin Basins (4.44 
W/m2) during Autumn 2016. The highest mean daily solar radiation during that same season was 
observed at the mid-slope of Split Rock (7.91 W/m2). The highest observations of mean daily 
solar radiation were during spring seasons, generally ranging from 20 to 45 W/m2 during 2016 
and 2017. The highest observed mean daily solar radiation was at the lower slope position of 
Sentinel Basin in Spring 2016 (48.31 W/m2). When comparing all slope positions at each site 
with respect to season, stations at Sentinel Basin had the highest mean daily solar radiation of 
any site during seven of the eight seasons that span the monitoring period. Sentinel Basin also 
had the highest mean daily maximum solar radiation of any site during seven of the eight 
monitored seasons. The highest observed mean daily maximum solar radiation was at the lower 
slope position of Sentinel Basin during Spring 2016 (417.10 W/m2). In contrast, the lowest 
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observed mean daily maximum solar radiation during the same season was at the upper slope 
position of Twin Basins (143.00 W/m2). The lowest observed mean daily maximum solar 
radiation was at the upper slope position of Twin Basins during Autumn 2016 (29.30 W/m2). 
During the same season, the highest mean daily maximum solar radiation was observed at the 
mid-slope position of Sentinel Basin (109.90 W/m2). 
 The full set of data tables accompanying each wind radar figure presented in this section 
are available in Appendix C. Mean wind speed, gust speed, and frequency of direction varied 
widely across sites. Mean wind and gust speeds tended to be low overall but were highest at Split 
Rock, which saw mean wind speeds consistently well over 0.12 m/s regardless of direction. In 
contrast, Sentinel Basin and Twin Basins rarely saw mean wind speeds over 0.12 m/s and often 
speeds were below 0.10 m/s. Mean wind speed at Split Rock never fell below 0.10 m/s for any 
direction. Additionally, Split Rock received the highest mean gust speeds and received wind 
more consistently from the same relative direction (west to west-southwest). 
 At Sentinel Basin, the most frequent direction of the wind originated from easterly 
directions, spanning from northeast to southeast more frequently than other directions. Each 
station exhibited a slightly different direction from which the wind most frequently originated, 
though, with the lower slope position most frequently receiving wind from the southeast (14.7%) 
(Figure 3.1), the mid-slope from the northeast (15.9%) (Figure 3.2), and the upper slope from the 
east-northeast (23.8%) (Figure 3.3). The highest mean wind speed at Sentinel Basin was 
observed to originate from the north-northeast at 0.20 m/s as observed at the lower slope 
position. This slope position and direction also received the highest mean gust speed (0.52 m/s) 
compared to all other directions and slope positions. 
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Across all slope positions at Split Rock, the most frequent direction of the wind 
originated from the west to southwest. At the lower slope position, the most frequent wind 
direction originated from the southwest (18.1%) (Figure 3.4). The most frequent wind direction 
at the mid and upper slope positions originated from the west-southwest at 17.8% (Figure 3.5) 
and 17.1% (Figure 3.6), respectively. The highest mean wind speed at Split Rock was observed 
at the lower slope position at 0.38 m/s, originating from the southwest. The highest mean gust 
speed at Split Rock (0.79 m/s) was observed at the same slope position and originating from the 
same direction as the highest mean wind speed. 
At Twin Basins, the most frequent direction of the wind varied between the lower and 
mid-slope positions (the only two slope positions included in this analysis). The lower slope 
position most frequently received wind originating from the east (18.1%) (Figure 3.7) while the 
mid-slope position most frequently received wind originating from the west-southwest (11.2%) 
(Figure 3.8). The highest mean wind speed at Twin Basins was 0.14 m/s at the mid-slope 
position, originating from both the north-northeast and east-southeast, respectively. The highest 
mean gust speed originated from the north-northeast at 0.40 m/s, also at the mid-slope position. 
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Figure 3.2. Wind radar chart for Sentinel Basin lower slope from 2015-2017. 
 
 
Figure 3.3. Wind radar chart for Sentinel Basin mid-slope from 2015-2017. 
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Figure 3.4. Wind radar chart for Sentinel Basin upper slope from 2015-2017. 
 
 
Figure 3.5. Wind radar chart for Split Rock lower slope from 2015-2017. 
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Figure 3.6. Wind radar chart for Split Rock mid-slope from 2015-2017. 
 
 
Figure 3.7. Wind radar chart for Split Rock upper slope for 2015 (2016-2017 data missing). 
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Figure 3.8. Wind radar chart for Twin Basins lower slope from 2015-2016 (2017 data missing). 
 
 
Figure 3.9. Wind radar chart for Twin Basins mid-slope from 2015-2017. 
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Discussion 
 There were no significant differences in temperature observed across all sites, seasons, 
and slope positions at AHTF reintroduction sites. With respect to season and slope position, 
temperature factors of mean daily, mean daily minimum, and mean daily maximum were 
consistently within 1ºC of each other across all sites. The minimal divergence in temperature 
across sites suggests that reintroduction sites all experienced similar temperature means and 
ranges, therefore, temperature alone is not likely to explain any differences in survival between 
reintroduction sites and transplant-types. Similarities in temperature between the reintroduction 
sites also validate the criteria used to select each site, especially for Twin Basins, which included 
similarity of habitat to known AHTF habitat characteristics. Temperature did tend to increase 
with increasing slope positions, which is consistent with previous findings (Petry 1918; 
Brumbelow 2014). However, Brumbelow (2014), who placed sensors closer to the ground (2.5 
cm), reported some significant differences in temperature variables between upper - lower plots 
and middle – lower plots, respectively. The positions of sensors in relation to slope position in 
this study, which did not span the entirety of any slope included in the study, are likely to align 
more similarly with the upper and mid-slope positions utilized by Brumbelow (2014), for which 
no significant differences in temperature were reported. 
 Relative humidity tended to vary more widely across sites than temperature, although, 
few clear trends were observed. One notable trend was that Twin Basins tended to have a higher 
relative humidity and a greater difference between lower and upper slope positions compared to 
the Sentinel Basin and Split Rock reintroduction sites. The higher humidity and difference in 
humidity between slope positions is likely explained by the topography and aspect of Twin 
Basins, which is the deepest from top to bottom of all sites and faces roughly north-northeast, 
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with slopes and cliff faces protecting it to some degree on three sides. Fractures in the bedrock 
and the existence of caves at the bottom of the basin might also help to explain this difference. 
Trapped water and ice are protected from light and wind and evidently release more moisture 
into Twin Basins than the other sites. Interestingly, Twin Basins, the only site where AHTF has 
never been documented historically, exhibited the highest percent survival of all AHTF 
transplant-types except sporelings. More sporophytes reached maturity at Twin Basins than at 
any other site and the only gametophytes to survive and produce sporelings were at Twin Basins. 
These results are consistent with previous findings that AHTF sporophytes (Cinquemani et al. 
1988; Cinquemani Kuehn & Leopold 1992) and gametophytes (Testo & Watkins 2013) respond 
positively to higher levels of moisture. 
 Sentinel Basin generally exhibited the highest solar radiation across all reintroduction 
sites. The higher solar radiation is likely due to the aspect of the reintroduction site, which spans 
from northeast to east facing and is less protected from light throughout most of the day than the 
other sites. The bottom of Sentinel Basin is also relatively clear of any significant canopy, 
allowing more light to reach the slope. It was observed at each census that the talus of Sentinel 
Basin was drier than that of other sites, which is consistent with the higher solar radiation 
received at the site. Dryness could be a contributing factor to the rapid mortality of gametophyte 
transplants at Sentinel Basin, which experienced 100% mortality at least 4 months before Split 
Rock. Previous research has shown that AHTF gametophytes are extremely sensitive to even 
mild drying events and have limited ability to recover following a drying event (Testo & 
Watkins 2013). The site that received the lowest solar radiation, Twin Basins, was also the site 
with the highest mean percent survival of IA and IOA sporophytes and contained the only 
surviving gametophyte transplants. It is likely that the lower solar radiation at Twin Basins, 
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combined with the higher relative humidity and lower winds, buffered against excessive drying 
at the site and contributed to higher rates of survival of AHTF transplants.  
 Wind speed across all sites was extremely limited, which is consistent with previous 
descriptions of extant AHTF habitats (Cinquemani et al. 1988). Over a similar period of time, the 
mean wind speed for the nearest archived weather station (3.58 m/s, Hancock International 
Airport in Syracuse, NY) (The Weather Company, LLC), was over 9 times greater than the 
highest mean wind speed (0.38 m/s, Split Rock lower slope) recorded at any AHTF 
reintroduction site. Similarly, mean gust speed (10.73 m/s) at Hancock International Airport was 
over 13 times greater than the highest mean gust speed (0.79 m/s, Split Rock lower slope) 
recorded at any AHTF reintroduction site. The generally low wind within the heavily protected 
talus supports recent genetic analyses of AHTF, which suggest that spore dispersal between 
populations is limited at best, citing evidence of lack of gene flow between populations 
throughout the range of AHTF (Fernando et al. 2015; Weber-Townsend 2017). However, 
evidence exists that spores are at least minimally dispersed at short distances outside of the 
heavily protected talus. Sporophytes of AHTF are occasionally distributed on the forest floor 
above the talus at tens of meters distance from the main population, indicating that spores 
disperse outside of the direct habitat on occasion (personal observation). However, the exact 
mode of dispersal for AHTF found outside of the talus is not known and may not be attributable 
to wind. 
 The lack of spore dispersal by AHTF inferred by low wind speeds likely explains why, in 
part, colonization of new sites by AHTF has not been documented even when suitable habitat is 
nearby, as seems to be the case for Twin Basins. Low wind speeds also have important 
implications for spore dispersal by AHTF transplants at reintroduction sites. Several AHTF 
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transplants have reached maturity, as indicated by the production of sori, at 2 of the 3 
reintroduction sites. At Split Rock, winds originating from the west-southwest and southwest are 
the strongest and most prevalent, which roughly aligns with the west to east orientation of the 
ravine and is consistent with the prevailing winds in central New York. Given the prevailing 
wind at the site, spores from the extant population at Split Rock are probably more likely to be 
carried into the reintroduction site, which is less than 50 m due east of the extant population. The 
possibility of spore dispersal from the extant population at Split Rock into the reintroduction site 
indicates that cross-breeding between AHTF transplants and extant AHTF sporophytes will be 
possible. However, to encourage gene flow into the extant population at Split Rock, it would be 
beneficial to augment AHTF into sites along the talus to the west of the population. Candidate 
sites to the west of the extant AHTF population at Split Rock were evaluated for this 
reintroduction project, but the strong presence of currently unmanaged invasive species spanning 
the talus to the west of the population influenced the selection of the reintroduction site to the 
east. Twin Basins, which had lower wind speeds than Split Rock, had more complicated 
direction frequencies between slope positions. One possible explanation for the observed 
differences in wind direction between stations could have to do with the physical attributes of 
Twin Basins. As previously discussed, Twin Basins is deeper than the other reintroduction sites 
and traps water and ice at the bottom of the basin. Research on wind dynamics in similar talus 
systems suggests that a chimney effect, caused by the difference in temperature between areas 
inside and outside of the talus, may be complicating the dynamics of wind flow in the system 
(Delaloye & Lambiel 2005). The chimney effect may cause air to flow upward from the bottom 
of the basin and interact with winds flowing into the basin in an unpredictable manner. The 
dynamics of wind flow within talus and plunge basin systems are still poorly understood, 
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therefore, it is difficult to say with any certainty how this may affect spore dispersal in Twin 
Basins.  
Additional mechanisms of spore dispersal in AHTF are also possible. Slugs are common 
occupants of AHTF habitats and are herbivores of mature AHTF fronds (DD Fernando, personal 
communication). Recent research has shown that endozoochory of European hart’s-tongue fern 
spores by slugs resulted in about 90% germination success 81 days after passing through the slug 
digestive track (Boch et al. 2016). Unfortunately, the authors did not focus on dispersal distance 
as a factor in this study. Epizoochory may also be a possible mechanism of dispersal for AHTF. 
Slugs were found to be potential short distance (less than 20 cm) dispersers of asexual “brood 
branches” of the moss Dicranum flagellare, dislodging and transporting the branches from the 
parent plant in their slime trail (Kimmerer & Young 1995). Additionally, small (Barbe et al. 
2016) and large (Sugita et al. 2013) forest-dwelling mammals are capable of dispersing fern 
spores in their fur. Given the low wind speeds within reintroduction sites and extant AHTF 
populations, it is likely that the importance of other mechanisms of spore dispersal of AHTF 
have been underestimated. However, spore dispersal by zoochory is more likely to occur within 
AHTF populations and not between them. 
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Chapter 4: Conclusions and Recommendations 
 
 The American hart’s-tongue fern (Asplenium scolopendrium var. americanum, AHTF) is 
a climatically sensitive, rare, and threatened plant with genetically isolated populations spread 
over a large and fragmented geographic range. The extinction of some populations, and the 
remaining threat of extinction for others, have been a matter of concern for over 100 years. In 
accordance with the management plan for the species and based on recommendations from 
previous AHTF research, the goal of this project was to examine the possibility of successful 
reintroduction of AHTF and inform best practices for future AHTF reintroduction efforts. 
Several objectives were central to achieving the overall goal of the project: 
1. Identify at least three suitable reintroduction sites with habitat characteristics that are 
associated with AHTF occurrences following Cinquemani Kuehn and Leopold (1993). 
2. Transplant at least 500 laboratory-propagated AHTF of five transplant-types at each 
reintroduction site. 
3. Determine the effect of transplant-type, vigor, and acclimatization method on the survival 
and growth of transplants within reintroduction sites. 
4. Characterize the microclimate conditions at reintroduction sites, including temperature, 
relative humidity, solar radiation, and wind speed and direction. 
 Several reintroduction sites were identified and evaluated prior to transplanting. 
Ultimately, three reintroduction sites were chosen after considering aspects of habitat similarity, 
potential for genetic connectivity with extant populations, land use management, and historical 
importance. The three sites selected for this project were deemed suitable to the overall goal of 
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the project, although, many other potential reintroduction sites were considered and may be 
important to future management projects (Table 4.1). Candidate sites were identified using an 
Element Distribution Model (EDM) of suitable AHTF habitat in New York State (New York 
Natural Heritage Program 2012) and with historical records of AHTF occurrence. While a 
recommendation was made for each evaluated site, it should be noted that land owner permission 
and proper permits should be obtained prior to any further transplanting. Furthermore, visits to 
each evaluated site spanned from 2015-2017 and recommendations were made based on the 
conditions of the site at the time of evaluation. Further evaluations of suitability of each site 
should be conducted prior to any transplanting as the conditions of each site may have changed 
since the initial evaluation. 
 A total of 1,925 AHTF, representing five different transplant-types, were transplanted 
across three reintroduction sites in Onondaga County, New York. Forty six transplants were 
living at the end of a 24-month monitoring period, 6 of which reached maturity between 12 and 
24 months after transplanting. Vigor and acclimatization method of transplants were found to be 
significant factors influencing the survival of AHTF transplants across reintroduction sites. 
Generally, plants with better vigor at the time of transplanting were more likely to survive than 
those of less vigor. Sporophytes that were treated with both indoor and outdoor acclimatization 
methods (IOA sporophytes) had a significantly higher mean percent survival than those treated 
with less rigorous forms of acclimatization. 
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Table 4.1. Candidate sites for AHTF reintroduction and augmentation. 
Site name Location Land owner 
Evaluated 
in field Recommended Justification 
Clark 
Reservation 
(Eastern satellite) 
Clark 
Reservation 
State Park, 
Jamesville, NY NYS OPRHP Yes No 
High invasive species cover, limited 
limestone cobble, dryness, predominant 
coniferous canopy  
East Sentinel 
Basin 
Clark 
Reservation 
State Park, 
Jamesville, NY NYS OPRHP Yes Yes 
Large areas of suitable habitat, few 
invasive species, genetic significance 
of extant population, protected area 
Chips Trail 
AHTF 
Population 
Chittenango 
Falls State 
Park, 
Cazenovia, NY NYS OPRHP Yes Yes 
Moderate areas of suitable habitat, no 
invasive species, extant population 
with low genetic diversity and small 
population size, protected area 
Horseshoe Gorge 
AHTF 
Population 
Chittenango 
Falls State 
Park, 
Cazenovia, NY NYS OPRHP Yes Yes 
Moderate areas of suitable habitat, no 
invasive species, extant population 
with low genetic diversity and medium 
population size, protected area 
Falls Colony 
AHTF 
Population 
Chittenango 
Falls State 
Park, 
Cazenovia, NY NYS OPRHP Yes No 
Hazardous conditions (unstable talus), 
public trail directly below site, high 
invasive species cover nearby 
Oxbow Falls  
Oxbow Falls 
County Park 
Canastota, NY 
Madison 
County Parks Yes Yes 
Moderate areas of suitable habitat, few 
invasive species (but high cover 
nearby), protected area 
Mt. Hope 
Reservoir Oneida, NY 
City of Oneida 
Parks Yes No 
Dryness, lack of limestone cobble (no 
talus), clay-like soils, shallow slopes 
Canastota-
Cazenovia State 
Trailway Canastota, NY 
New York 
State No n/a n/a 
Whiskey Hollow Memphis, NY Public/Private No n/a n/a 
Perryville Falls 
AHTF 
Population Sullivan, NY Private Yes Yes 
Large areas of suitable habitat, few 
invasive species, historically small 
extant population 
Evergreen Lake 1 
AHTF 
Population Manlius, NY Private Yes Yes 
Moderate areas of suitable habitat, few 
invasive species, historically small 
extant population 
Evergreen Lake 2 
AHTF 
Population Manlius, NY Private Yes No High invasive species cover 
Three Falls 
Woods Manlius, NY 
CNY Land 
Trust/Town of 
Manlius Yes Yes 
Large areas of suitable habitat, few 
invasive species, geographic proximity 
to extant populations, protected area 
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 The use of life stages preceding that of the immature sporophyte life stage have not been 
previously studied in regard to fern reintroduction projects. The use of protonema and 
gametophyte life stages of AHTF in the reintroduction project described in this thesis represent 
novel methods in the field of fern reintroduction. Furthermore, previously documented fern 
reintroduction projects lack analyses comparing the survival and growth of transplants of 
multiple life stages. Protonemata were unsuccessful at establishing across all reintroduction sites. 
There was no significant difference in mean percent survival between gametophytes, sporelings, 
and IA sporophytes (treated with only indoor acclimatization) at 12 months after transplanting 
and beyond. However, some gametophytes at the Twin Basins reintroduction site successfully 
produced numerous sporelings, indicating that there is at least some potential for the use of 
gametophytes in future AHTF reintroduction projects. Across all reintroduction sites, 7 
individuals each of the sporeling and IA sporophyte transplant-types survived the duration of the 
24-month monitoring period. Survival of less rigorously acclimatized transplants suggests that 
reintroduction of these transplant-types may be possible, although, increased care of transplants 
post-reintroduction may be necessary to achieve greater survival.  Many previous plant 
reintroduction projects and meta-analyses report that use of more advanced life stages 
significantly improves the likelihood of successful establishment of transplants (Drayton & 
Primack 2000; Jusaitis et al. 2004; Maschinski & Duquesnel 2007; Godefroid et al. 2011; 
Albrecht & Maschinski 2012; Dalrymple et al. 2012). The results of this research project did not 
support the hypothesis that more advanced life stages would exhibit higher survival than less 
advanced life stages. Therefore, it is possible that the application of results that are largely based 
on knowledge of seed plant reintroductions may not be entirely applicable to AHTF or fern 
reintroductions in general.  
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 The use of both indoor and outdoor methods of acclimatization was successful overall, 
exhibiting a mean percent survival of IOA sporophytes of 27.18 % (±6.96). Acclimatization 
methods should be further improved in future AHTF reintroduction attempts. Earlier 
acclimatization of laboratory-propagated AHTF to greenhouse conditions, beginning at the 
sporeling stage, should be explored in future research projects. Exposing laboratory-propagated 
sporelings to wider daily ranges of temperature, humidity, and simulated wind events that are 
consistent with those reported in this and previous AHTF climate studies is recommended as a 
pre-treatment to outdoor acclimatization. Earlier acclimatization that better simulates ambient 
conditions of AHTF habitats could help to mitigate some of the physio-anatomical issues 
associated with mortality of transplants, including insufficient cuticle formation that contributes 
to transpirational water loss. The addition of a transitional acclimatization period just prior to 
outdoor acclimatization is also recommended. A transitional period, perhaps through the use of a 
shade tunnel, will further help propagated AHTF adjust to ambient environmental conditions 
prior to full outdoor acclimatization. Practitioners of a successful reintroduction of the 
endangered fern Woodsia ilvensis used a shade tunnel to acclimatize transplants prior to 
reintroduction (McHaffie 2006). The practitioners of the W. ilvensis reintroduction also partnered 
with a local botanic garden for propagation of transplants. Future AHTF reintroduction projects 
should consider partnering with a botanic garden to assist with larger-scale propagation of AHTF 
sporophytes for reintroduction. Botanic gardens offer additional expertise and facilities for 
threatened plant propagation and promote public awareness and involvement in plant 
reintroduction projects. AHTF has historically been propagated at the Brooklyn Botanic Garden 
(BBG), where interpretive displays featuring AHTF are viewed by nearly a million visitors each 
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year. Larger-scale propagation of AHTF at the BBG or similar facility should be further explored 
as an additional means to produce high quality AHTF sporophytes for reintroduction. 
 Microclimate conditions at each reintroduction site were generally similar, however, a 
few differences between sites helped provide possible explanations some minor differences in 
survival between sites. Higher wind speeds at Split Rock and higher solar radiation at Sentinel 
Basin might explain the 100% mortality of gametophytes observed at these sites. It is possible 
that desiccation from solar radiation at the outer edges of the talus at Sentinel Basin inhibits the 
germination of spores, which may help to explain why the extant population is densely clumped 
near the center of the talus and few individuals are distributed at the outer edges. A situation 
similar to that of Sentinel Basin may also be occurring at Split Rock, as otherwise suitable talus 
on either side of the population remains unoccupied. Higher humidity and lower wind at Twin 
Basins might explain the higher mean percent survival of most transplant-types at that site. 
Interestingly, no AHTF have been historically documented at Twin Basins, which performed 
slightly better as a site than Split Rock and Sentinel Basin. Very low wind speeds were recorded 
across all reintroduction sites, which is consistent with previous observations (Cinquemani 
Kuehn & Leopold 1993). Low wind seems like an inhibiting factor for spore dispersal and 
achieving the goal of promoting genetic connectivity between AHTF populations. Interestingly, 
the possibility of additional mechanisms of spore dispersal exists for AHTF, including 
endozoochory by slugs. However, slug endozoochory is likely to occur on a very limited spatial 
scale. 
 In situ conservation of AHTF should remain the priority management goal for the 
species, including invasive species management and continued monitoring of population 
demography through periodic censuses. This research project, however, has demonstrated that 
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successful reintroduction of AHTF is possible in the short-term and may be a useful tool in 
recovering the species throughout its range. While recruitment of new generations of AHTF 
produced by the surviving transplants was not observed during the time frame of this study, the 
maturation of several transplants shows the potential for recruitment of future generations. The 
surviving AHTF transplants, including potential new recruitment of individuals, should continue 
to be monitored at least once a year. Ferns from the three reintroduction sites should also be 
augmented with additional AHTF transplants over time to enhance the results of this initial 
reintroduction. 
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APPENDIX A: Census Transplant Rediscovery 
Table A.1. Summary of number of rediscovered AHTF transplant identification (ID) tags by 
transplant-type and site. 
 
Number of initial 
transplants 
Number of ID tags rediscovered (%) 
Transplant-type | Site Jul 2015 Oct 2015 Jul 2016 Oct 2016 Jul 2017 
Sporelings      
Sentinel Basin 93 71 (76.3) 76 (81.7) 76 (81.7) 76 (81.7) 
Twin Basins 88 79 (89.8) 81 (92.0) 81 (92.0) 80 (90.9) 
Split Rock 87 71 (81.6) 78 (89.7) 77 (88.5) 77 (88.5) 
      
IA Sporophytes      
Sentinel Basin 42 35 (83.3) 36 (85.7) 36 (85.7) 36 (85.7) 
Twin Basins 44 38 (86.4) 37 (84.1) 37 (84.1) 37 (84.1) 
Split Rock 37 29 (78.4) 31 (83.8) 31 (83.8) 31 (83.8) 
      
IOA Sporophytes      
Sentinel Basin 17 14 (82.4) 13 (76.5) 13 (76.5) 13 (76.5) 
Twin Basins 30 27 (90.0) 27 (90.0) 27 (90.0) 27 (90.0) 
Split Rock 55 51 (92.7) 51 (92.7) 51 (92.7) 51 (92.7) 
      
All transplant-types      
Sentinel Basin 152 120 (78.9) 125 (82.2) 125 (82.2) 125 (82.2) 
Twin Basins 162 144 (88.9) 145 (89.5) 145 (89.5) 144 (88.9) 
Split Rock 179 151 (84.4) 160 (89.4) 159 (88.8) 159 (88.8) 
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APPENDIX B: Seasonal Climate Profiles 
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APPENDIX C: Wind Radar Data 
Table C.1. Wind frequency and speed data for Sentinel Basin lower slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 3.2% 0.14 0.39 
NNE 4.0% 0.20 0.52 
NE 7.7% 0.17 0.47 
ENE 11.6% 0.15 0.43 
E 13.7% 0.16 0.44 
ESE 13.2% 0.13 0.37 
SE 14.7% 0.14 0.37 
SSE 11.9% 0.13 0.35 
S 6.7% 0.13 0.34 
SSW 3.6% 0.11 0.31 
SW 2.0% 0.10 0.31 
WSW 2.1% 0.08 0.27 
W 1.6% 0.07 0.25 
WNW 1.2% 0.10 0.31 
NW 1.5% 0.11 0.34 
NNW 1.3% 0.16 0.46 
 
 
Table C.2. Wind frequency and speed data for Sentinel Basin mid-slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 9.4% 0.10 0.29 
NNE 11.3% 0.10 0.31 
NE 15.9% 0.12 0.33 
ENE 12.3% 0.12 0.32 
E 7.2% 0.11 0.32 
ESE 3.2% 0.11 0.29 
SE 2.1% 0.14 0.33 
SSE 2.8% 0.15 0.33 
S 3.5% 0.11 0.28 
SSW 7.9% 0.11 0.29 
SW 3.4% 0.07 0.22 
WSW 2.5% 0.06 0.22 
W 3.4% 0.05 0.20 
WNW 4.5% 0.05 0.20 
NW 5.0% 0.08 0.25 
NNW 5.7% 0.09 0.28 
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Table C.3. Wind frequency and speed data for Sentinel Basin upper slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 2.6% 0.08 0.31 
NNE 3.8% 0.04 0.20 
NE 19.2% 0.09 0.33 
ENE 23.8% 0.12 0.42 
E 3.4% 0.15 0.50 
ESE 2.4% 0.06 0.26 
SE 3.3% 0.03 0.18 
SSE 6.0% 0.02 0.14 
S 6.1% 0.03 0.17 
SSW 6.6% 0.04 0.20 
SW 3.8% 0.05 0.25 
WSW 5.7% 0.07 0.30 
W 7.3% 0.09 0.35 
WNW 2.5% 0.05 0.24 
NW 1.9% 0.03 0.20 
NNW 1.6% 0.03 0.18 
 
 
Table C.4. Wind frequency and speed data for Split Rock lower slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 5.8% 0.26 0.60 
NNE 4.3% 0.18 0.46 
NE 4.6% 0.17 0.43 
ENE 4.5% 0.15 0.39 
E 4.6% 0.12 0.35 
ESE 3.2% 0.16 0.42 
SE 4.6% 0.16 0.44 
SSE 6.1% 0.16 0.45 
S 5.4% 0.24 0.60 
SSW 9.2% 0.28 0.64 
SW 18.1% 0.38 0.79 
WSW 15.0% 0.37 0.77 
W 5.7% 0.30 0.68 
WNW 3.2% 0.23 0.56 
NW 2.8% 0.18 0.46 
NNW 2.8% 0.16 0.43 
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Table C.5. Wind frequency and speed data for Split Rock mid-slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 4.4% 0.26 0.58 
NNE 2.9% 0.15 0.39 
NE 3.5% 0.12 0.34 
ENE 2.7% 0.13 0.35 
E 2.7% 0.19 0.44 
ESE 3.3% 0.22 0.49 
SE 3.4% 0.18 0.44 
SSE 3.3% 0.16 0.42 
S 2.9% 0.26 0.61 
SSW 6.0% 0.24 0.55 
SW 12.2% 0.28 0.62 
WSW 17.8% 0.35 0.74 
W 15.5% 0.33 0.70 
WNW 7.9% 0.18 0.45 
NW 7.2% 0.25 0.57 
NNW 4.5% 0.18 0.45 
 
 
Table C.6. Wind frequency and speed data for Split Rock upper slope for 2015 (2016-2017 data 
missing). 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 1.7% 0.20 0.46 
NNE 2.3% 0.08 0.26 
NE 2.0% 0.13 0.35 
ENE 1.4% 0.17 0.44 
E 3.0% 0.11 0.33 
ESE 2.9% 0.16 0.43 
SE 4.8% 0.13 0.38 
SSE 3.9% 0.17 0.42 
S 5.5% 0.14 0.36 
SSW 7.5% 0.12 0.32 
SW 15.1% 0.15 0.36 
WSW 17.1% 0.18 0.42 
W 13.5% 0.29 0.61 
WNW 11.0% 0.30 0.64 
NW 5.6% 0.37 0.76 
NNW 2.5% 0.23 0.54 
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Table C.7. Wind frequency and speed data for Twin Basins mid-slope from 2015-2017. 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 2.7% 0.12 0.35 
NNE 1.1% 0.14 0.40 
NE 1.2% 0.12 0.34 
ENE 1.2% 0.11 0.31 
E 1.5% 0.13 0.36 
ESE 3.5% 0.14 0.39 
SE 8.7% 0.12 0.37 
SSE 9.9% 0.12 0.36 
S 10.8% 0.12 0.36 
SSW 9.1% 0.12 0.36 
SW 10.7% 0.12 0.34 
WSW 11.2% 0.11 0.33 
W 8.3% 0.12 0.33 
WNW 8.4% 0.11 0.34 
NW 8.0% 0.11 0.35 
NNW 3.7% 0.12 0.37 
 
 
Table C.8. Wind frequency and speed data for Twin Basins lower slope from 2015-2016 (2017 
data missing). 
Direction Frequency Average wind speed (m/s) Average gust speed (m/s) 
N 6.1% 0.09 0.29 
NNE 5.5% 0.10 0.30 
NE 8.4% 0.10 0.29 
ENE 9.7% 0.11 0.31 
E 18.1% 0.09 0.29 
ESE 14.1% 0.11 0.33 
SE 13.8% 0.10 0.30 
SSE 4.3% 0.09 0.29 
S 2.2% 0.09 0.29 
SSW 1.3% 0.07 0.25 
SW 1.1% 0.07 0.25 
WSW 1.0% 0.09 0.27 
W 2.8% 0.05 0.21 
WNW 3.0% 0.06 0.22 
NW 4.9% 0.05 0.20 
NNW 3.8% 0.07 0.24 
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Resume 
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M.S. in Conservation Biology (August 2014 – December 2017) 
GPA: 3.550 
 
B.S. in Conservation Biology (Spring 2014) 
GPA: 3.802 
 
Mohawk Valley Community College 
A.S. in Liberal Arts (December 2010) 
GPA: 3.26 
 
Math & Science Coursework (August 2011 – May 2012) 
GPA: 3.34 
 
University of North Carolina at Charlotte 
B.A. classes in Liberal Arts (August 2003 – June 2004) 
GPA: 3.222 
 
WORK EXPERIENCE 
 
Conservation Project Coordinator 
NYS Office of Parks, Recreation and Historic Preservation (May 2015 - Present) 
 
Seasonal. Leading and supervising a team of employees and volunteers in invasive 
species management at Clark Reservation and Chittenango Falls State Parks. Creating 
and organizing GIS maps and data management systems. Providing recommendations 
of management actions including herbicide application, mechanical removal, and 
preventative measures. Managing natural resource conservation projects. Leading 
guided tours and interpretive programs. Regularly participating in inter-departmental 
meetings and collaborations on a variety of conservation and stewardship projects. 
 
Operations Supervisor 
Adirondack Scenic Railroad, Utica, NY (May 2013 – May 2015) 
 
Supervised five employees in repairing and maintaining the Adirondack Scenic 
Railroad’s fleet of vintage passenger coaches. Organized and supervised special 
events. Coordinated volunteer based service and restoration projects. 
 
Note: Worked an average of 25 hours per week while attending college 
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Assistant Utica Station Manager (September 2012 – May 2013) 
Interim Utica Station Manager (July 2012 –September 2012) 
Ticket Agent & Customer Service Representative (Aug. 2011 – June 2012)  
Adirondack Scenic Railroad, Utica, NY 
 
Customer service, file management, and tour planning. Handled local and regional 
corporate marketing. Updated and maintained website and online sales systems. 
Coordinated charter trains and regularly communicated with the maintenance 
department and other station locations. 
 
Note: Worked an average of 25 hours per week while attending college 
 
Quality Assurance Representative 
ConMed Corporation, Utica, NY (Jan. 2010 –Aug. 2011) 
 
Assisted customers with after-market quality concerns. Maintained and created Excel 
databases of quality-control records. Facilitated return shipments of goods. Prepared 
data, graphs, and reports for presentations. 
 
TEACHING EXPERIENCE 
 
Graduate Teaching Assistant  
SUNY College of Environmental Science and Forestry (August 2014 – June 2017) 
 
Lead two lab sections per semester. Disseminated course materials, organized lab 
activities, graded tests, quizzes and term projects. Coordinated student learning and 
student support outside of scheduled lab time. Assisted professors in organizing class 
materials, proctoring exams, and creating curriculum based activities and lectures. 
Courses taught: Diversity of Plants, Mycology, Plant Anatomy and Development, 
General Biology II. 
 
RESEARCH EXPERIENCE 
 
M.S. Thesis Research 
SUNY College of Environmental Science and Forestry (August 2014 – December 2017) 
 
Supervised an experimental reintroduction of Asplenium scolopendrium var. 
americanum (American hart’s-tongue fern) including fern propagation, greenhouse 
and field work supervision, GIS habitat analysis, and data collection and analysis. 
 
Research Assistant 
SUNY College of Environmental Science and Forestry (August 2016 – December 2016) 
 
Identifying and evaluating critical habitat for the rare and threatened fern Asplenium 
scolopendrium var. americanum, transplanting lab-propagated plants, monitoring and 
data collection related to transplants 
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RELATED EXPERIENCE 
 
Environmental Education & Recreation Intern 
Adirondack Scenic Railroad (May 2013 – October 2013) 
 
Created interpretive programs related to the Adirondack Railway Preservation Society’s 
organizational goals of promoting environmental education and conservation. 
Coordinated rail, trail, and outdoor recreation opportunities through research of flora 
and fauna along rail corridor. Created and designed informational trip-guides and 
interpretive posters. 
 
Education Department Docent, Animal Handler/Interpreter 
Utica Zoo (June 2010- May 2015) 
 
Assisted zookeepers with animal care and handling used in educational programming 
and zoo-mobiles. Lead interpretive programs for zoo members and special groups. 
Participated in continuing training and education. Maintained zoo facilities. 
 
Mohawk Valley Young Professionals 
Founding Member (June 2010- January 2012) 
 
Helped found and participated in MVYP, a group aiming to connect young 
professionals with each other and other organizations, businesses, and opportunities in 
the Mohawk Valley through networking events, professional development, and 
community involvement and advocacy. 
 
 
AWARDS 
 
Josiah Lowe and Hugh Wilcox Scholarship 
Edna Bailey Sussman Foundation Fellowship 
SUNY ESF, Dean’s List 
SUNY ESF, President’s List 
Mohawk Valley Community College, Dean’s List 
University of North Carolina at Charlotte, Dean’s List 
